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(  Seventeen  types  of  diodes  and  22  types  of  transistors  of  the 
AN/TRC-145  radio  terminal  set  were  damage  tested,  and  the  damage 
characteristics  of  the  devices  are  provided.  Damage  testing 
consisted  of  stepstressing  of  individual  junctions  of  the  devices 
with  voltage  square  pulses  of  0.1-  to  10-|/s  widths,  both  forward 
and  reverse  biasing  the  junctions.  The  damage  characteristics 
consist  of  (1)  the  pulse  power  for  failure  or  second  breakdown  as 
a  function  of  pulse  width,  and  (2)  the  pulse  voltage  and  device  — 
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:>^!mpedance  at  the  failure  threshold.  The  pulse  power  for  failure 
data  are  least-square  fitted  to  theoretical  relationships  between 
failure  power  and  pulse  width.  The  damage  constants  of  the 
thermal  failure  model  are  then  obtained.  Comparisons  are  made 
between  experimental  device  failure  powers  and  the  failure  powers 
predicted  by  theoretical  models.  Anomalous  responses  of  low- 
voltage  bipolar  transistors  are  discussed.  The  introductory 
sections  of  the  report  also  contain  a  condensed  review  of  the 
state  of  the  practical  knowledge  of  discrete  junction  device 
failure  from  voltage  transients./ 
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FOREWORD 


This  work  was  part  of  the  electromagnetic  pt Lse  (EMP)  vulnerability 
assessment  of  the  AN/TRC-145  radio  terminal  set,  conducted  under  the 
Multiple  Systems  Evaluation  Program  at  the  Harry  Diamond  Laboratories 
(HDL).  The  device  damage  characterization  contributed  to  the  vulner¬ 
ability  study  of  the  AN/TRC-145  in  two  ways:  (1)  it  provided  electrical 
characteristics  of  critical  devices  in  system  critical  circuits,  so  that 
these  devices  could  be  modeled  in  the  DAMTRAC  circuit-analysis  code,  and 
(2)  it  provided  a  failure  criterion  of  the  device  types,  so  that  system 
vulnerability  could  be  determined. 

The  device  testing  from  which  this  damage  characterization  resulted 
was  performed  by  Asa  Williams,  whose  effectiveness  and  dedication  made 
it  possible  to  provide  this  information  in  a  fraction  of  the  time  pre¬ 
viously  expended  on  a  comparable  task.  Mr.  Williams,  together  with 
Loren  Dillingham,  also  provided  the  computer  calculations  of  the  damage 
constants.  Charles  Ruzik  calculated  the  device  damage  constants  based 
on  the  junction  caoacitance  model. 

Device  damage  testing  and  associated  data  reduction  for  the  system 
study  were  begun  in  September  1974  and  completed  in  November  1975.  In 
condensed  form,  the  device  damage  characterizations  are  contained  in 
George  Gornak  et  al,  EMP  Assessment  for  Army  Tactical  Communications 
Systems:  Transmission  Systems  Series  No.  1,  Radio  Terminal  Set  AN/TRC- 
145  <U),  HDL-TR-1746,  February  1976  (SECRET  RESTRICTED  DATA).  However, 
because  of  the  continuing  effort  to  improve  present  methods  of 
predicting  failure  of  semiconductor  devices  in  circuits,  a  more  exten¬ 
sive  discussion  and  an  analysis  of  the  device  responses  observed  in 
damage  testing  are  provided  here  and  made  accessible,  in  an  unclassified 
document,  to  a  wider  audience.  The  manuscript  for  this  report  was 
completed  in  October  1977. 

The  author  would  like  to  thank  the  technical  reviewers  of  this 
report,  especially  for  suggestions  concerning  the  presentation  of  data. 
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1 .  INTRODUCTION 


For  very  short  periods  of  time,  such  as  the  duration  of  an  electro¬ 
magnetic  pulse  (EMP)  induced  signal,  electronic  network  components  can 
withstand  voltage  and  current  levels  and  can  safely  dissipate  powers 
that  are  significantly  larger  than  the  ratings  for  voltage,  current,  and 
power  for  continuous  operation.  In  nuclear  weapons  effects  analyses,  it 
is  important  to  know  exactly  what  transient  signal  level  a  component  can 
withstand  without  degradation  in  performance.  Unfortunately,  there  is 
no  obvious  relationship  between  those  transient  threshold  signals  that 
cause  a  component  to  fail  and  the  design  of  the  component  (for  instance, 
as  reflected  in  the  ratings  and  characteristics  provided  by 
manufacturers  for  circuit  design  purposes). 

To  obtain  information  on  the  threshold  signal  for  failure,  compo¬ 
nents  are  stepstressed  with  voltage  pulses.  This  method,  which  was  used 
in  the  work  reported  here,  is  extensively  described  in  the 
literature. *  Efforts  have  been  made  also  to  predict  the  damage 
thresholds  of  semiconductor  junction  devices  (considered  to  be  the 
circuit  components  most  susceptible  to  failure  from  electrical 
transients)  on  the  basis  of  theoretical  failure  models.2'3 4  m  these 
theories,  plausible  assumptions  were  made  about  the  failure  mechanism 
(heating  of  the  semiconductor  material  to  a  certain  temperature)  and 
formulated  analytically.  As  a  result,  these  thermal  models  suggest  a 
defined  puise  power  for  failure  which  depends  on  pulse  width  and  certain 
device  characteristics  such  as  junction  area2  or  the  volume  of  a  defect 
region;3  however,  these  characteristics  of  a  device  are  not  directly 
measurable.  Subsequently,  a  link  was  recognized  between  the  junction 
area  and  device  characteristics  which  are  obtainable  from  nondestructive 
terminal  measurements  and  which  may  even  be  provided  by  the  device 
manufacturer  (such  as  junction  capacitance).  This  link,  then,  led  to 
expressions  of  the  pulse  power  for  failure  in  terms  of  these  character¬ 
istics.1*'5 


lB.  Kalab,  Analysis  of  Failure  of  Electronic  Circuits  from  EMP- 
Induced  Signals — Review  and  Contribution,  Harry  Diamond  Laboratories, 
HDL-TR-1615  ( August  1973). 

2D.  C.  Munsch  and  R.  R.  Bell,  Determination  of  Threshold  Failure 
Levels  of  Semiconductor  Diodes  and  Transistors  Due  to  Pulse  Voltages, 
IEEE  Trans.  Nucl .  Sci.,  NS- 15  (December  1968),  244-259. 

3D.  M.  Tasca,  Pulsed  Power  Failure  Modes  in  Semiconductors,  IEEE 
Trans.  Nucl.  Sci.,  NS- 17  (December  1968),  364-372. 

4D.  C.  Wunsch,  R.  L.  Cline,  and  G.  R.  Case,  Theoretical  Estimates  of 
Failure  Levels  of  Selected  Semiconductor  Diodes  and  Transistors, 
Braddock,  Dunn  and  McDonald,  Inc.,  for  Air  Force  Special  Weapons  Center, 
BDM/A-42-69-R  (December  1969). 

$DNA  EMP  (Electromagnetic  Pulse)  Handbook,  Defense  Nucleai  Agency 
2114H-2  (September  1975). 
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This  way  of  finding  the  power  for  failure  has  been  available  since 
1969,  but  it  is  not  extensively  used  in  weapons  effects  analyses.  To 
meet  the  requirement  for  system  survivability  without  excessive  and 
therefore  costly  hardening,  we  should  know  component  damage  levels  with 
a  degree  of  accuracy  that  is  not  achievable  with  this  method,  as  compar¬ 
isons  with  experimental  results  show.  (However,  in  preliminary 
screening,  where  accuracy  requirements  can  be  relaxed,  device  damage 
information  based  on  this  method  may  be  sufficient.)  Besides  predicting 
the  power  for  failure  with  only  modest  accuracy,  the  thermal  failure 
models  do  not  furnish  the  device  impedance  near  the  failure  level,  which 
is  also  essential  to  circuit  failure  analysis.  Damage  testing  readily 
discloses  this  impedance.  However,  experiments  have  shown6  that  device 
damage  testing  as  it  is  done  now  (that  is,  stepstressing  with  either 
forward-  or  reverse-biasing  pulses)  does  not  furnish  a  complete 
characterization  of  the  susceptibility  of  a  device  to  damage  from  EMP- 
induced  transients.  These  experiments  also  revealed  previously 
unsuspected  basic  limitations  of  the  range  of  applicability  of  the 
thermal  failure  models.  Still,  stepstressing  with  unipolar  pulses  is 
the  state-of-the-art  technique  for  obtaining  component  deunage  character¬ 
izations  in  most  systems  studies  presently  conducted. 

Theoretical  as  well  as  experimental  development  work  continues7-9'* 
whose  goals  are  to  clarify  the  failure  mechanisms  in  semiconductor 
devices  and  to  identify  the  device  parameters  or  the  experimental  proce¬ 
dures  that  can  lead  to  a  complete  quantitative  description  of  the  pulse 
hardness  of  a  device.  To  such  efforts,  detailed  information  on  device 
responses  observed  in  damage  testing  should  be  useful  and  is  therefore 
provided  in  thin  report. 

During  the  testing  effort  reported  here,  device  responses  were 
observed  which  are  difficult  to  interpret  in  terms  of  the  thermal 
failure  model.  A  further  purpose  of  this  report  is  to  discuss  these 
responses,  as  they  will  be  a  subject  of  continued  research  at  the  Harry 
Diamond  Laboratories  (HDL)  and  may  also  be  of  interest  to  the 
community.  Nevertheless,  in  support  of  present  systems  analyses,  the 
results  of  this  testing  effort  are  also  reported  in  conventional  terms; 
that  is,  all  failure  thresholds  are  least-square  fitted  to  the 
functional  relationships  between  power  for  failure  and  pulse  width  as 


°B. Kalab,  Second  Breakdown  and  Damage  in  1N4148  from  Oscillating 
Electrical  Transients,  IEEE  Trans.  Nucl .  Sci.,  NS- 2 2  (August  1975), 
2006-2009. 

H.  Dickbaut,  Electromagnetic  Pulse  Damage  to  Bipolar  Devices, 
IEEE  Circuits  and  Systems,  10  (April  1976),  8-21. 

I,  Ward,  An  Electro-thermal  Model  of  Second  Breakdown,  IDEE 
Trans.  Nucl.  Sci.,  NS-23  ( December  1976),  1679-1684. 

9A.  L.  Ward,  Studies  of  Second  Breakdown  m  Silicon  Diodes,  IEEE 
Trans.  Parts,  Hybrids,  and  Packaging,  PUP- 13  (December  1977),  361-368. 

*A.  Mathews,  U.S.  Army  Missile  Command,  Redstone  Arsenal,  M.,  private 
communication. 


8 


they  result  from  the  thermal  failure  model,  and  "damage  constants"  are 
derived  from  these  regression  analyses.  In  these  terms,  device  damage 
characteristics  are  being  collected  in  data  bases. The  device 
damage  information  reported  here  (especially  the  tables  of  app  A)  may 
also  augment  the  data  base  from  which  engineering  models  of  device  pulse 
damage  are  being  developed. ^ 2  These  engineering  models  are  mathematical 
expressions  (resulting  from  regression  analyses  of  experimental  damage 
data)  of  the  power  or  current  for  failure  and  the  device  impedance  in 
terms  of  pulse  width  and  general  electrical  device  parameters.  An 
advantage  of  this  kind  of  modeling  is  that  the  regression  equations  can 
be  developed  independent  of  any  conjecture  about  the  failure  mechanism. 

Section  2  explains  how  the  damage  characteristics  were  obtained, 
reduced,  and  operated  on  (such  as  by  regression  analysis).  Section  3 
discusses  anomalous  device  responses  which  are  considered  significant 
enough  to  warrant  further  investigation.  Section  4  describes  the 
AN/TRC-145  devices  selected  for  deunage  testing,  summarizes  the  damage 
test  results,  and  compares  experimental  failure  powers  (or  damage 
constants)  with  failure  powers  (or  damage  constants)  predicted  by  theo¬ 
retical  models  (tables  6  and  7).  Appendix  A  gives  the  detailed  test 
results  (such  as  powers  for  failure  and  impedance  at  the  failure  level 
of  the  individual  test  specimens)  and  the  plots  of  failure  power  versus 
pulse  width. 


2.  TEST  PROCEDURE  AND  DEVICE  CHARACTERIZATION 
2.1  Background  and  Definitions 

Damage  testing  by  stepstressing  is  tne  state-of-the-art  proce¬ 
dure  for  obtaining  information  on  the  pulse-handling  capability  of 
semiconductor  junction  devices.  this  method  was  used  for  the  damage 
characterization  of  the  AN/TRC-145  devices  reported  here.  The  procedure 
consists  of  applying  a  series  of  voltage  pulses  of  a  certain  waveform  to 
the  device  terminals  and  increasing  the  voltage  from  pulse  to  pulse  by  a 
certain  amount.  The  pulses  are  produced  by  a  high-power  pulse  generator 
with  single-shot  capability.  At  each  pulse  application,  the  oscillo¬ 
scope  traces  of  both  the  voltage  across  the  device  and  the  current 
through  the  device  are  recorded.  Before  the  first  pulse  is  applied, 
^J.  L,  Cboke  et  al ,  Users  Manual  for  SUPERSAP2 ,  Boeing  Aerospace  Ct>., 
Secttle,  WA,  and sBDM  Cbrp.,  Air  Force  Weapons  Laboratory,  AFWL-TR-75-70 
(March  1976). 

V.  Noon ,  Implementation  of  the  Device  Data  Bank  on  the  HDL  IBM 
Computer,  Harry  Diamond  Laboratories,  HDL-TR-1819  (October  1977). 

12D.  M.  Tasca  and  S.  J.  Stokes,  III,  EMP  Response  and  Damage  Modeling 
of  Diodes,  Junction  Field  Effect  Transistor  Damage  Testing  and 
Semiconductor  Device  Failure  Analysis,  General  Electric  Co.,  for  Harry 
Diamond  Laboratories,  HDL-CR-7 6-090-1  (April  1976). 
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certain  electrical  characteristics  of  the  test  specimen  are  measured; 
these  are  remeasured  after  each  pulse  of  the  series  to  detect  degrada¬ 
tion.  It  is  then  possible  to  relate  the  characteristics  of  the  applied 
pulse  to  the  degree  of  device  degradation  which  results.  According  to 
the  thermal  failure  model,  only  the  duration  and  the  average  power  of 
the  applied  pulse  are  of  interest,  but,  in  principle,  other  pulse 
characteristics  (such  as  peak  values  of  voltage  or  current)  also  may  be 
considered.  This  method  and  related  questions  are  discussed  in  more 
detail  by  Ka.  *>*•* 

Where  the  assumptions  of  the  thermal  failure  model  apply,  the 
waveform  of  the  pulses  used  in  demage  testing  should  not  be  critical. 
For  thermal  systems  such  as  are  assumed  in  the  thermal  failure  model  of 
junction  devices,  the  temperature  rise  due  to  heat  production  at  an 
arbitrary  rate  (complex  waveform),  P(t),  can  be  expressed  as  the  super¬ 
position  integral  of  P(t)  and  the  temperature  rise  of  the  system  due  to 
heat  production  at  a  constant  rate  (the  step  or  square-pulse  response  of 
the  system).  This  piinciple  (Duhamel's  theorem)  can  be  applied  to 
predicting  the  power  for  failure  of  a  junction  device  from,  say,  a 
triangular  pulse,  on  the  basis  of  the 'measured  power  for  failure  from  a 
square  pulse  of  the  seme  duration. 

An  application  of  this  principle  (using  1N4148  diodes)  showed13 
that  the  failure  powers  for  these  widely  differing  waveforms  (in  either 
forward  or  reverse  biasing  of  the  junction)  differ  by  about  a  factor  of 
two  over  a  wide  range  of  pulse  widths.  This  difference  was  found  to  be 
in  fair  agreement  with  measurements  of  the  failure  power  (of  the  1N4148) 
from  triangular  pulses.13  Such  a  variation  of  the  failure  power  due  to 
differing  unipolar  waveforms  is  much  smaller  than  the  variations  usually 
observed  in  damage  testing  of  a  sample  of  devices  with  the  same  waveform 
(square  pulse)  and  pulse  width  and  attributed  to  physical  differences 
between  the  specimens  of  the  sample.  Therefore,  we  can  ignore  the 
effect  that  the  waveform  of  a  unipolar  pulse  has  on  the  mean  power  for 
failure  or  for  second  breakdown  of  a  sample  of  devices.  However,  in 
spite  of  this  result,  we  should  not  lightly  dismiss  the  question  of  what 
pulse  waveform  is  to  be  used  in  damage  testing  to  insure  that  the 
resulting  device  damage  characterization  is  relevant  to  EMP  effects 
analyses.  The  thermal  failure  model  is,  after  all,  only  a  conjecture; 
as  will  be  discussed,  significant  waveform  effects,  unpredicted  by  this 
model,  have  been  observed  in  diodes  subjected  to  an  oscillating 
electrical  transient. 

1B.  Kalab,  Analysis  of  Failure  of  Electronic  Circuits  from  EMP- 
Induced  Signals— Review  and  Contribution,  Harry  Diamond  Laboratories , 
HDL-TR- 16 15 ,  (August  1973). 

13P.  rt .  Tasca  et  al ,  Theoretical  and  Experimental  Studies  of 
Semiconductor  Device  Degiadation  Due  to  High  Power  Electrical 
Transients,  General  Electric  Co.,  73SD4789  (December  1973). 
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It  is  widely  recognized  now^  that  many  types  of  discrete  semi¬ 
conductor  junction  devices  do  not  obey  the  thermal  model.  More 
severely,  it  has  yet  to  be  demonstrated  that  there  are  indeed  devices 
whose  mechanism  for  failure  or  second  breakdown  from  short-duration, 
reverse-biasing  electrical  transients  is  as  postulated  by  this  model. 
The  thermal  failure  model  was  considered  proven,  and  its  applicability 
to  predicting  failure  or  second  breakdown  in  a  junction  device 
established,  when  damage  testing  with  reverse-biasing  square  pulses 
showed  that  the  power  for  failure  or  second  breakdown,  P,  varied  with 
pulse  width,  t,  over  some  range  of  t  (see  sect.  2.2.4)  according 
to  P  =  kt”1/2.  This  is  the  relationship  between  P  snd  t  which  follows 

from  the  thermal  failure  model  for  this  excitation.  However,  in  all  the 

damage  testing  done  to  date,  such  a  dependence  of  P  on  t  rarely  emerged 
unambiguously.  Wunsch  and  Marzitelli, ***  Singletary  et  al,*5  and  many 
others,  as  well  as  the  data  in  this  report,  give  examples  of  what  is 
generally  observed  in  damage  testing.  The  best  that  can  be  said  is  that 
the  power  for  failure  or  second  breakdown  of  most  of  the  devices  tested 
to  date  may  or  may  not  vary  according  to  P  =  kt-1^2  (the  exponent  of  t 
is  not  at  all  critical  in  this  context) .  The  reasons  commonly  given  for 
a  lack  of  agreement  with  P  =  kt-1/^2  are  small  sample  size  and  a 
considerable  variation  of  failure  power  between  the  individual  specimens 
of  a  sample  (which,  in  turn,  is  attributed  to  manufacturing  inhomo¬ 
geneities  of  one  kind  or  another).  Indeed,  these  factors  can  contribute 

to  a  generally  poor  conformance  of  experimental  failure  powers 
to  P  3  kt~1'2,  but  they  are  not  necessarily  the  only  reasons  for  such 
discrepancies.  (Besides,  the  variation  of  junction  area  in  a  population 
of  planar  devices  of  a  given  design  cam  only  be  very  small . ) 

However,  even  if  damage  testing  of  any  device  type  with 

unipolar  square  pulses  showed  a  close  dependence  according  to 
P  **  kt-1^2,  this  would  not  prove  the  validity  of  the  thermal  failure 

model  for  that  device.  A  very  small  number  of  device  types  have  been 

damage  tested  with  reverse-biasing  square  pulses  under  conditions  (as 
regards  sample  size,  uniformity  of  devices,  and  other  factors)  that  were 
more  rigorous  than  usually  observed  in  routine  damage  testing.  In  one 
of  these  types,  the  1N4148,  the  pre-second-breakdown  power  varied  over  a 


^DNA EMP  (Electromagnetic  Pulse )  Handbook,  Defense  Nuclear  Agency 
2114H-2  (September  1975). 

D .  C.  Wunsch  and  L.  Marzitelli,  BDM  Final  Report,  J_,  Semiconductor 
and  Nonsemiconductor  Damage  Study,  Braddock,  Dunn  and  McDonald,  Inc., 
for  U.S.  Army  Mobility  Equipment  Research  and  Development  Center,  BDM - 
37  5-69-F-0 168  (April  1969). 

15J.  B.  Singletary,  ».  o.  Oollier,  and  J.  A.  Myers,  Experimental 
Threshold  Failure  Levels  of  Selected  Diodes  and  Transistors,  II, 
Braddock,  Dunn  and  McDonald,  Inc.  for  Air  Force  Weapons  Laboratory , 
AFWL-TR-7 3-119  (July  1973). 
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certain  range  of  t  very  closely1®  according  to  P  =  kt”1^2,  and  this 
diode  is  considered  an  excellent  example12  of  a  device  whose  failure 
mechanism  is  as  postulated  in  the  thermal  failure  model.  Yet,  when  this 
device  had  been  subjected  to  a  full-cycle  square  pulse,  providing  a 
forward  bias  before  the  reverse-biasing  half  cycle,  the  device  response 
was  very  different  from  <^nat  the  thermal  failure  model  would  predict  for 
this  excitation.®'17  (The  application  of  Duhamel's  theorem  to  this 
excitation  fails  completely  to  yield  the  observed  response.)  In  other 
words,  a  variation  of  the  power  for  failure  from  square-pulse  excitation 
according  to  P  *  kt”1'2  is  only  one  of  several  aspects  of  a  device 
response  predicted  by  the  thermal  failure  model,  and  all  these  aspects, 
not  just  P  =  ke“ 1 ' 2 ,  must  be  observable  if  the  model  applies. 

Furthermore,  there  are  reports18'19  on  significant  variations 
of  the  pre-*econd-breakdown  power  of  certain  types  of  junction  devices 
with  the  rise  time  of  the  excitation;  on  the  basis  of  the  thermal 
failure  model,  pulse  rise  time  should  not  be  critical.  Other 
"anomalous"  responses  (relative  to  the  predictions  of  the  thermal 
failure  model)  of  diodes  and  transistor  junctions  of  low  breakdown 
voltage  are  discussed  in  section  3.  The  manner  in  which  details  of  the 
transient  excitation  affect  second  breakdown  and  reverse  failure  in 
junction  devices  is  far  from  understood. 

For  practical  reasons  (ease  of  generation,  measurement  of  pulse 
duration,  and  data  reduction),  square  pulses  of  voltage  have  come  to  be 
used  in  routine  damage  testing.  Efforts  are  usually  made  (such  as 


®B.  Kalab,  Second  Breakdown  and  Damage  in  1N4148  from  Oscillating 
Electrical  Transients,  IEEE  Trans.  Nucl .  Sci.,  NS-22  ( August  1975), 
2006-2009. 

12D.  M.  Tasca  and  S.  J.  Stokes,  III,  EMP  Response  and  Damage  Modeling 
of  Diodes,  Junction  Field  Effect  Transistor  Damage  Testing  and 
Semiconductor  Device  Failure  Analysis,  General  Electric  Oo.,  for  Harry 
Diamond  Laboratories,  HDL-CR-7 6-090-1  (April  1976). 

16D.  M.  Tasca  and  J.  C.  Peden,  Feasibility  Study  of  Developing  a 
Nondestructive  Screening  Procedure  for  Thermal  Second  Breakdown,  General 
Electric  Co.  (July  1971). 

17B.  Kalab,  On  the  Necessary  and  Sufficient  Conditions  (Thresholds) 
for  Damage  of  Semiconductor  Junctions  from  Electrical  Transients,  Proc. 
Joint  EMP  Technical  Meeting,  First  Annual  Nuclear  EMP  Meeting, 
Albuquerque,  NM,  V_,  Hardening  Technology  (September  1973),  249-260. 

18K.  Hobner  et  al ,  Uniform  Turn-on  in  Four-Layer  Diodes,  IEEE  Trans. 
Electron  Devices,  ED-8  (November  1964),  1372-1373 . 

19T.  Agatsuma  et  al,  An  Aspect  of  Second  Breakdown  in  Transistors, 
Proc.  IEEE  (Correspondence) ,  52_  (November  1961),  461-464. 
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through  current  limitation  by  a  series  resistor)  to  prevent  large  varia¬ 
tions  of  current  during  the  pulse.  It  is  then  possible  to  determine  the 
pulse  power  averaged  over  pulse  width,  with  acceptable  accuracy,  from 
the  average  values  of  voltage  and  current;  these,  in  turn,  can  be  found 
by  transformation  of  the  area  under  the  curve  into  rectangles.  In 
addition,  if  the  pulse  shape  is  nearly  rectangular,  this  area  trans¬ 
formation  can  often  be  estimated  with  acceptable  accuracy,  usually  with 
the  aid  of  a  mechanical  device  such  as  a  caliper.  (Before  the  intro¬ 
duction  of  digital  techniques  in  1971, *  all  device  damage  data  taken  in 
the  wider  BMP  community  were  reduced  in  this  manner.)  In  practice,  the 
varying  impedance  exibited  by  the  specimen  during  pulsing  is  a  major 
limitation  to  achieving  square  pulses  of  both  voltage  and  current  at 
longer  pulse  widths  (1  to  10  us) .  At  pulse  widths  below  about  0.2  us, 
the  device  waveforms  deviate  even  more  from  a  square  pulse,  because  of 

the  rather  large  rise  and  fall  times  of  the  output  of  typical  hard-tube 

pulsers. 

The  thermal  failure  model  suggests  that  the  threshold  for 
failure  from  electrical  pulses  should  be  expressed  in  terms  of  pulse 
power.  This  is  acceptable,  irrespective  of  any  failure  model,  if 
increasing  degradation  of  an  electrical  device  characteristic  requires 
the  application  of  pulses  of  increasing  average  power.  In  forward 
stepstressing  of  semiconductor  junctions,  such  a  relationship  is  indeed 
generally  observed  (at  constant  pulse  width). 

It  is  necessary  to  arbitrarily  define  the  degree  of  degradation 
to  be  called  failure.  Then  the  threshold  power  for  failure  can  be  said 
to  lie  between  the  powers  of  two  consecutive  pulses,  one  causing 
degradation  before  the  point  of  failure  (or  no  degradation  at  all)  and 

the  other  causing  degradation  beyond  the  point  of  failure.  The 

arithmetic  mean  of  the  two  pulse  powers  is  usually  taken  to  be  the 
threshold  for  failure,  although  a  more  elaborate  method  of  interpolation 
can  be  considered.  If  a  pulse  degrades  a  device  exactly  to  the  point  of 
failure,  the  power  of  that  pulse  is  equal  to  the  failure  threshold. 
These  definitions  also  tell  how  the  failure  threshold  can  be  determined 
practically.  The  error  associated  with  the  threshold  power  for  failure 
depends  largely  on  the  increase  in  pulse  power  from  one  pulse  to  the 
next  (step  size). 

Although  the  threshold  power  for  failure  depends  on  how  failure 
is  defined,  in  most  situations  this  dependence  is  of  little  practical 
concern.  When  the  point  of  beginning  degradation  is  reached,  most 
junctions  tested  required  only  a  small  increase  in  pulse  power  for 
degradation  beyond  the  point  of  failure,  no  matter  how  it  was  defined 
(within  a  reasonable  range).  However,  exceptions  have  been  observed. 

*B.  Kalab,  Analysis  of  Failure  of  Electronic  Circuits  from  EHP- 
Induced  Signals — Review  and  Contribution,  Harry  Diamond  Laboratories, 
HDL-TR-16 15  (August  1973 J. 
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In  routine  damage  testing  of  devices,  in  either  forward  or  reverse  bias, 
it  has  been  observed  that  the  current  gain  of  a  few  types  of  devices, 
mostly  of  germanium,  begins  to  be  affected  at  a  pulse  power  substan¬ 
tially  lower  (up  to  two  orders  of  magnitude)  them  the  power  that  caused 
failure  by  the  commonly  used  definition.  Such  an  initial  effect  on  the 
current  gain  is  usually  slight  and  may  even  be  an  increase  of  hpE.  We 
cannot  rule  out  the  possibility  that  this  effect  on  the  current  gain  is 
associated  with  a  much  larger  change  (deterioration)  in  other  electrical 
characteristics  that  are  not  measured  in  routine  deunage  testing,  such  as 
the  noise  performance  of  microwave  devices.  Therefore,  when  defining 
failure  and  determining  the  threshold  power  for  pulse  failure,  we  should 
take  into  account  the  specific  function  of  a  device  in  a  Systran. 

In  reverse  pulsing  of  junctions,  second  breakdown  may  or  may 
not  occur  before  junction  failure.  Low-voltage  Zener  diodes  rarely 
exhibit  second  breakdown ,  and  a  threshold  for  reverse  failure  for 
devices  like  these  can  be  defined  as  previously  for  forward  pulsing.  If 
second  breakdown  occurs,  the  definition  of  a  threshold  for  failure  in 
terms  of  pulse  power  can  encounter  a  conceptual  difficulty. 17  (Briefly, 
it  can  happen  that  the  power  of  a  pulse  that  does  not  trigger  second 
breakdown  and  does  not  degrade  a  specimen  is  higher  than  that  of  a 
subsequent  pulse  that  does  cause  second  breakdown  and  degradation;  it 
does  not  appear  that  cumulative  effects  are  involved.)  To  avoid  such  a 
difficulty,  and  also  for  easier  data  reduction,  the  following  rule 
appears  to  have  been  widely  adopted. 2® '21 

When,  before  device  failure,  second  breakdown 
occurs  for  the  first  time  during  stepstressing,  the 
averaged  pre-second-breakdown  power  is  taken  to  be 
the  failure  threshold  at  a  pulse  width  equal  to  the 
delay  time.  This  holds  regardless  of  whether  or 
not  the  device  is  degraded  after  application  of  the 
pulse  that  caused  second  breakdown  and  regardless 
of  whether  or  not  multiple  breakdown  occurs.  (For 
a  review  of  multiple  breakdown  in  single  junctions, 
see  Kalab,*  p  53.) 

Teu  Xalab,  Analysis  of  Failure  of  Electronic  Circuits  from  EMP - 
Induced  Signals — Review  and  Contribution,  Harry  Diamond  Laboratories, 
HDL-TR-16 15  (August  1973). 

17B.  JCalab,  On  the  Necessary  and  Sufficient  Cbnditions  (Thresholds) 
for  Damage  of  Semiconductor  Junctions  from  Electrical  Transients,  Proc. 
Joint  EMP  Technical  Meeting,  First  Annual  Nuclear  EMP  Meeting, 
Albuquerque,  NM,  V,  Hardening  Technology  (September  1973),  249-260 . 

20L.  W.  Ricketts,  J.  E.  Bridges,  and  J.  Miletta,  EMP  Radiation  and 
Protective  Techniques,  John  Wiley  &  Sons,  Inc.,  New  York  (1976). 

2iJ.  R»  Miletta,  Component  Damage  from  Electromagnetic  Pulse  (EMP) 
Induced  Transients,  Harry  Diamond  Laboratories,  HDL-TM-77-22  ( November 
1977). 
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This  rule  is  based  on  the  assumption  that,  as  soon  as  a  junction  enters 
second  breakdown,  any  additional  energy  that  may  be  required  to  cause 
failure  will  be  small  compared  to  the  pre -second -breakdown 
energy. 2° '21  Many  observations  made  in  routine  damage  testing  of 
devices  support  this  assumption.  However,  damage  testing  of  quite 
common  devices  (low-voltage,  bipolar  transistors)  at  short  pulse  widths 
has  shown  that  this  rule  can  lead  to  a  value  of  the  damage  threshold 
that  is  up  to  an  order  of  magnitude  smaller  than  the  pulse  power  neces¬ 
sary  and  sufficient  for  device  failure.  Situations  of  this  kind  were 
observed  in  the  present  testing  effort  (sect.  3). 

Besides  a  measure  (such  as  pulse  power)  of  the  condition  for 
failure,  a  circuit  model  of  a  semiconductor  device  is  needed  for 
carrying  out  a  circuit  failure  analysis.  This  circuit  model  must  oe 
able  to  represent  the  device  especially  for  excitations  approaching  the 
threshold  signals  for  damage.  An  important  element  of  such  a  circuit 
model  will  be  the  resistance  of  the  device  where  electrical  energy  is 
converted  to  heat.  In  present  circuit  models,22  this  resistance  appears 
in  the  form  of  the  so-called  surge  impedance,  which  is  derived  from  the 
impedance  that  the  device  exhibits  when  pulsed  with  the  threshold  pulse 
for  failure  or  second  breakdown.  The  device  impedance  is  the  quotient 
of  average  voltage  across  the  device  over  average  current  through  the 
device;  the  averages  are  taken  either  over  the  entire  pulse  width  or 
over  the  time  to  failure  or  second  breakdown,  whenever  such  a  time  can 
be  identified.  When  the  threshold  of  device  failure  must  be  determined 
from  two  consecutive  pulses,  the  device  voltage,  current,  and  impedance 
(as  well  as  power)  at  the  threshold  for  failure  are  usually  taken  to  be 
the  arithmetic  means  of  the  respective  magnitudes  of  the  consecutive 
pulses.  As  for  pulse  power  as  the  sole  criterion  for  device  failure, 
the  device  impedance  (or  the  surge  impedance  derived  from  it)  is  only  a 
first  approximation  of  a  device  circuit  model  for  EMP  analysis.  The 
applicability  of  this  device  damage  characterization  (by  threshold  power 
for  failure  and  surge  impedance)  is  a  separate  topic  in  itself. 

2.2  Procedure 


2.2.1  General 


The  damage  characterizations  (power  for  failure  versus  pulse 
width,  device  impedance)  of  the  AN/TRC-145  semiconductor  devices  were 
obtained  by  stepstressing  with  unipolar  pulses.  A  hard-tube  pulser 

2®L.  W.  Ricketts,  J.  E.  Bridges,  and  J.  Miletta,  EMP  Radiation  and 
Protective  Techniques,  John  Wiley  &  Sons,  Inc,,  New  York  (1976). 

2*J.  R.  Miletta,  Cbmponent  Damage  from  Electromagnetic  Pulse  (EMP) 
Induced  Transients,  Harry  Diamond  Laboratories,  HDL-TM-77-22  (November 
1977). 

22G.  H.  Baker  et  al ,  Damage  Analysis  Modified  TRAC  Computer  Program 
(DAMTRAC),  Harry  Diamond  Laboratories,  HDL-TM-75-6  (May  197 5). 
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provided  a  maximum  power  output  of  20  kW  at  impedance  levels  ranging 
from  0.2  to  2000  ohms.  Whenever  possible,  the  pulser  (plug-in  output 
transformer)  was  terminated  with  its  internal  impedance  for  optimum 
output  waveform  (square  pulse  with  little  undershoot  or  overshoot),  and 
a  resistor  was  put  in  series  with  the  test  specimen  for  current  limi¬ 
tation.  However,  these  techniques  significantly  reduced  the  power 
available  to  the  test  specimen  and  were  avoided  when  the  full  power  of 
the  pulser  was  needed  to  reach  the  damage  level  of  a  device.  The  rise 
and  fall  times  of  the  voltage  pulses  across  a  specimen  varied  from  about 
20  to  150  ns,  depending  on  pulser  impedance  and  pulse  width  (type  of 
output  transformer) .  The  voltage  and  the  associated  current  waveform  of 
the  pulse  applied  to  the  test  specimen  were  measured  with  a  dual -beam 
oscilloscope  and  photographically  recorded. 

Testing  of  a  device  was  begun  at  the  longest  pulse  width  (10 
ys).  The  responses  of  the  junctions  were  routinely  obtained  in  both 
reverse  and  forward  pulsing.  A  type  of  junction  which  did  not  fail  in 
forward  pulsing  at  a  10-ys  pulse  width  and  the  full  output  power  of  the 
pulser  (no  additional  termination  or  series  resistor)  did  not  have  to  be 
tested  at  a  shorter  pulse  width,  because  forward  failure  levels  are  not 
expected  to  be  lower  at  shorter  pulse  widths.  The  nominal  pulse  widths 
used  were  10,  1.0,  and  0.1  ys;  if  it  appeared  that  the  maximum  available 
power  at  0.1  us  was  slightly  too  low  for  failure,  the  pulse  width  was 
increased  up  to  0.3  ys  so  that  damage  information  could  still  be 
obtained  in  that  range  of  pulse  width.  In  reverse  pulsing  of  junctions, 
second  breakdown  could  occur  at  any  time  (delay  time)  during  the 
pulse.  Both  the  emitter-base  (E-B)  and  collector-base  (C-B)  junctions 
of  junction  transistors  were  tested  with  the  third  terminal  open;  of  the 
field  effect  transistor  (2N4092),  the  gate-source  (G-S)  junction  and  the 
drain-source  (D-S)  section  were  pulsed  with  the  third  terminal  open. 

In  stepstressing,  the  open-circuit  pulse  voltage  was 
increased  from  one  pulse  to  the  next  by  about  15  percent.  The  asso¬ 
ciated  increase  in  power  dissipated  in  the  device  (step  size)  depended 
on  the  voltage-current  characteristics  of  the  device,  as  well  as  on  the 
impedances  of  the  pulser  and  the  external  circuit;  this  increase  was 
found  to  be  typically  30  percent.  (It  rarely  exceeded  50  percent.) 

For  the  DIP  analysis  of  the  AN/TRC-145,  damage  character¬ 
izations  of  17  types  of  diodes  and  22  types  of  transistors  were  required 
by  the  system  analysts.  Approximately  1100  devices  were  damage  tested 
in  this  effort.  Cn  the  average,  only  three  devices  could  be  tested  in 
any  combination  of  pulse  width,  junction,  and  pulse  polarity. 


16 


35 


E^PWWWCgWWqgWWB aw^g^j^yM  ■*«.  .^-  - 


2.2.2  Failure  Criterion 


In  the  present  damage  testing  program,  failure  of  a  diode  was  < 

defined  to  be  a  reduction  of  the  breakdown  voltage  (voltage  at  10-yA 
reverse  current)  to  50  percent  or  less  of  the  original  value.  For 
transistors,  failure  was  defined  to  be  a  reduction  of  the  dc  current 
gain  (at  a  chosen  operating  point)  to  50  percent  or  less  of  the  original 
value.  These  definitions  applied  if  no  second  breakdown  occurred.  If 
second  breakdown  did  occur  the  device  was  considered  to  have  failed 
regardless  of  whether  or  not  a  degradation  was  associated  with  the 
second  breakdown  (sect.  2.1). 

A  definition  of  diode  failure  in  terms  of  a  50-percent  reduc¬ 
tion  of  the  junction  breakdown  voltage  may  not  be  appropriate  for 
special -purpose  diodes  in  critical  applications.  One  could,  for 
instance,  be  concerned  about  the  deterioration  of  the  noise  character¬ 
istics  of  microwave  diodes  due  to  electrical  over stress.  It  is 
conceivable  that  such  deterioration  occurs  long  before  there  are  signi¬ 
ficant  changes  in  breakdown  voltage  and  before  second  breakdown.  As  far 
as  transistors  are  concerned,  it  is  not  advisable  to  define  failure  in 
terms  of  the  breakdown  voltage  of  the  junction  being  stepstressed.  It 
was  observed  that  the  E-B  junction  can  fail  during  stepBtressing  of  the 
C-B  junction  at  power  levels  that  do  not  affect  the  breakdown  voltage  of 
the  C-B  junction. 

2.2.3  Data  Reduction 


The  information  that  we  wished  to  obtain  from  the  test  photo¬ 
graphs  is  the  following:  (1)  time  to  failure  or  second  breakdown, 

(2)  pulse  power  averaged  over  the  time  to  failure  or  second  breakdown, 
and  (3)  average  impedance  of  the  device  at  the  failure  level.  Section 
2.1  discusses  how  these  magnitudes  can  be  defined  and  determined  in  the 
various  situations  that  present  themselves  in  damage  testing  of  semi¬ 
conductor  junction  devices.  In  particular,  where  the  threshold  power 
for  junction  failure  must  be  determined  through  interpolation  of  the 
powers  of  two  consecutive  pulses,  the  arithmetic  mean  of  these  powers 
was  taken  to  be  the  failure  threshold.  Furthermore,  if  the  first  pulse 
that  caused  any  measurable  device  degradation  at  all  reduced  the  junc¬ 
tion  breakdown  voltaqe  or  current  gain  to  a  value  between  1.2  and  0.8  F 
(F  being  the  failure  criterion  for  the  specimen  as  defined  in  sect. 
2.2.2),  the  power  of  that  pulse  was  taken  to  be  the  power  for  failure 
(failure  threshold).  Also,  the  rule  given  in  section  2.1  was  always 
followed. 


The  numerical  values  of  pulse  power  and  device  impedance  were 
not  determined  with  any  great  accuracy.  The  average  pulse  power, 
1/t  J  iv  dt  (i  and  v  are  the  instantaneous  current  and  voltage, 
respectively),  was  approximated  by  the  product  of  av3rage  current  times 
average  voltage.  In  the  case  of  ideal  square  pulses  of  voltage  and 
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current,  this  product  is  identical  to  the  average  power;  in  general, 
however,  it  is  not.  The  average  values  of  voltage  and  current  were 
obtained  as  discussed  in  section  2.1,  that  is,  by  approximate  transfor¬ 
mation  of  the  area  under  the  curve.  No  elaborate  error  analysis  of  the 
power  or  impedance  data  obtained  in  this  effort  was  performed.  Previous 
experience  (in  which  the  scope  traces  were  digitized  and  the  average 
power  was  computed*)  suggests  that,  if  the  procedure  discussed  above  is 
performed  by  skilled  personnel,  the  error  of  power  and  impedance  is 
typically  between  ±30  and  ±50  percent,  the  smaller  error  being 
associated  with  the  10-rs  data.  For  applications  in  present  systems 
analyses,  this  accuracy  of  the  failure  power  or  the  impedance  at  the 
failure  level  of  an  individual  test  specimen  is  considered  adequate. 
There  are  significant  variations  of  these  values  over  a  sample  of 
devices,  due  to  various  kinds  of  physical  differences  among  specimens, 
which  must  be  taken  into  account  in  applications  (sect.  2.2.4)  and  do 
not  justify  obtaining  measurements  of  increased  accuracy  on  individual 
specimens . 


2.2.4  Least-Square  Fitting 

In  applications  of  experimental  device  damage  data  obtained 
at  selected  pulse  widths  to  EMP  systems -studies,  extrapolation  or  inter¬ 
polation  of  these  data  to  other  pulse  widths  is  usually  required.  Also, 
the  generally  large  scatter  of  failure  powers  requires  the  determination 
of  a  mean  (nominal)  value  for  applications  to  systems  studies.  To 
obtain  such  a  mean  value  for  any  pulse  width,  it  has  become  the  custom 
to  least-square  fit  the  experimental  failure  powers  (or  pre-second- 
breakdown  powers)  to  relationships  between  failure  power  (P)  and  pulse 
width  (t)  resulting  from  the  thermal  failure  model.  These  relationships 


are  the  following. 23*24 

Forward  pulsing 

P  =  k  t“l 

0  <  t  <  t 

(1) 

Reverse  pulsing 

P  =  k2t_1 

0  <  t  <  t 
”  2 

(2) 

P  -  kjt""*  ^ 

t2  <  t  <  t3 

(3) 

The  constants  k^  (i  =  1,  2,  3)  involve  the  material  and  geometry  of  the 
device.  In  particular,  in  equations  (2)  and  (3)  the  geometry  appears  as 
junction  area,  A,  and  k  and  k3  contain  A  as  a  factor.  The  constant  k3 
is  commonly  called  the  damage  constant  or  Wunsch  constant. 

Kalab,  Analysis  of  Failure  of  Electronic  Circuits  from  EMP- 
Induced  Signals— Review  and  Contribution,  Harry  Diamond  Laboratories, 
HDL-TR-1615  (August  1973). 

c.  Wunsch,  Semiconductor  Device  Damage  in  an  EMP  Environment , 
Proc.  Conference  on  Component  Degradation  from  Transient  Inputs,  U.S. 
Army  Mobility  Equipment  Research  and  Development  Center,  Ft.  Belvoir,  VA 
(April  1970),  6-5 0. 

2** j .  B.  Singletary  and  D.  C.  Wunsch,  Final  Summary  Report  on 
Semiconductor  Damage  Study,  Phase  II,  Braddock,  Dunn  and  McDonald,  Inc., 
BDM/A-84-70-TR  (February  1971). 
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As  indicated,  these  relationships  are  not  expected  to  hold 
for  all  pulse  widths.  Although  equation  (3)  was  originally  believed2  to 
apply  over  a  range  of  five  orders  of  magnitude  of  t,  there  is  good 
indication  that  the  range  in  which  it  might  apply  is  considerably 
smaller.  For  instance,  the  graphic  representations  of  experimental 
failure  power  versus  pulse  width  ("damage  plots")  of  appendix  A  show 
that  for  quite  a  few  types  of  junctions  the  power  for  reverse  failure, 
extrapolated  to  pulse  widths  greater  than  approximately  20  gs,  would  be 
higher  than  that  for  forward  failure,  if  equations  (1)  and  (3)  would 
still  apply  in  this  range  of  pulse  widths.  Such  a  behavior  would  be 
incompatible  with  the  assumptions  of  the  thermal  failure  model.  On 
theoretical  grounds,  it  would  be  plausible  to  assume  that  t  and  t3  are 
of  the  order  of  the  thermal  time  constant  of  a  device.  For  (the 
lower  limit  of  the  range  fc~  eq  (3)),  it  has  not  been  possible  to  relate 
this  time  to  physical  device  characteristics;  however,  on  the  basis  of 
experimental  results  it  has  been  concluded  that  the  (gradual)  transition 
from  equation  (2)  to  equation  (3)  begins  for  most  devices  between  0.1  to 
10  ps.26 


A  computer  program26  permits  least-square  fits  to  equations 
(1)  and  (3)  and  an  equation  of  the  form 

P  *  at”l/2  +  bt“l  ,  0  <  t  <  t3  ,  (4) 

to  be  produced  from  the  experimental  failure  powers;  equation  (4) 
follows  from  a  more  involved  version  of  the  thermal  model  for  reverse 
junction  failure.3  The  output  of  the  computation  is  the  values  of  k3 
(or  k2),  k3,  a,  and  b,  and  a  statement  about  which  equation  best  fits 
the  data.  (The  Gauss  criterion  as  a  measure  of  the  goodness  of  fit  is 
used.)  In  view  of  the  final  selection  of  least-square  fits,  only 
failure  powers  for  pulse  widths  >50  ns  were  used  for  fitting  reverse 
damage  data.  The  least-square  analyses  showed  that  the  forward  failure 
data  of  most  types  of  junctions  are  better  represented  by  equation  (3) 
or  (4),  whereas  the  reverse  failure  data  of  a  few  types  of  junctions  are 
better  represented  by  equation  (1),  rather  than  by  the  type  of  relation¬ 
ship  that  results  for  either  polarity  from  the  thermal  model.  Neverthe¬ 
less,  to  follow  a  widely  accepted  practice,  the  fit  of  forward  failure 

2D.  C.  Wunsch  and  R.  R.  Bell ,  Determination  of  Threshold  Failure 
Levels  of  Semiconductor  Diodes  and  Transistors  Due  to  Pulse  Voltages, 
IEEE  Trans.  Nu cl.  Sci.,  NS- 15  (December  1968),  244-259. 

3D.  M.  Tasca,  Pulsed  Power  Failure  Modes  in  Semiconductors,  IEEE 
Trans.  Nucl .  Sci.,  NS- 17  (December  1968),  364-372 . 

26J.  Singletary  and  D.  C.  Wunsch,  Final  Report  on  Semiconductor  Damage 
Study,  Phase  II,  Braddock,  Dunn  and  McDonald,  Inc.,  BDM/A-66-70-TR  (June 
1970). 

26J.  M.  Clodfelter ,  SEMCON:  A  Semiconductor  Damage  Data  Reduction 

Computer  Code,  Harry  Diamond  laboratories,  HDL-TM-76-28  (December  1976). 


19 


powers  to  equation  ( 1 )  and  that  of  reverse  failure  powers  to  equation 
(3)  were  accepted  for  a1 1  junctions  and  entered  into  the  damage  plots. 
The  straight  lines  in  the  damage  plots  of  appendix  A  show  these  least- 
square  fits.  These  lines  are  drawn  on  the  basis  of  k^  and  k3  and  the 
associated  slope  of  -1  (forward)  and  -1/2  (reverse,  t  >  50  ns) ,  respec¬ 
tively.  To  account  for  the  change  in  the  variation  of  failure  power 
with  pulse  width  which  the  thermal  model  predicts  (eq  (2)  and  (3)),  the 
line  providing  the  least-square  fit  of  reverse  failure  powers  is 
continued  into  the  range  of  t  <  50  ns  by  changing  the  slope  of  the  line 
from  -1/2  to  -1.  The  experimental  failure  powers  of  the  drain-source 
part  of  the  2N4092  junction  field  effect  transistor  (FET),  for  either 
pulse  polarity,  were  fitted  to  equation  (1). 


3.  ANOMALOUS  RESPONSES 

During  the  deunage  testing  of  several  types  of  diodes  and  transistors 
of  the  AN/TRC-143  devices,  responses  were  observed  which  were  strikingly 
incompatible  with  present  concepts  of  device  failure.  Two  kinds  of 
"anomalous"  responses  were  observed  (anomalous  from  the  standpoint  of 
present  concepts,  especially  the  thermal  failure  model).  First,  there 
is  the  peculiar  response  tentatively  called  instantaneous  second  break¬ 
down,  occurring  as  follows.  A  junction  is  stepstreAsed  into  reverse 
bias  and  draws  a  certain  amount  of  avalanche  current.  The  voltage  and 
current  traces  may  be  as  shown  in  figure  1  (pulse  width  of  10  ps) . 
There  is  no  measurable  device  degradation  and  no  second  breakdown.  The 
next  pulse,  whose  open-circuit  voltage  would  be  only  about  15  percent 
higher  than  that  of  the  pulse  of  figure  1,  produces  the  response  of 
figure  2.  The  voltage  trace  shows  that  the  device  instantly  went  into 
second  breakdown,  V2  being  the  second  breakdown  sustaining  voltage. 


Figure  1.  (a)  Voltage  and  (b)  current  pulses  before  instantaneous 
second  breakdown. 


^0 


V 
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Figure  2.  (a)  Voltage  and  (b)  current  responses  in  instantaneous 
second  breakdown. 


When  the  oscilloscope  is  set  up  for  proper  recording  of  a  10-ys-wide 
pulse,  the  voltage  spike  and  the  leading  edge  of  the  current '  pulse  in 
figure  2  are  often  not  visible  in  the  Polaroid  photograph.  Thus,  many 
of  these  responses  could  not  be  properly  evaluated,  and  an  inter¬ 
pretation  in  terms  of  the  thermal  failure  model  may  be  possible.  Also, 
some  of  the  devices  which  responded  in  this  manner  were  rectifiers  of  a 
rather  high  breakdown  voltage,  and  the  thermal  failure  model  is  not 
expected  to  apply. $ 

However,  among  the  numerous  cases  showing  this  instantaneous  second 
breakdown  were  many  in  which  a  definite  evaluation  of  the  oscilloscope 
traces  ,.ould  be  made,  and  the  devices  involved  were  low-voltage  bipolar 
transistors  (even  E-B  junctions).  The  critical  responses  in  such  situa¬ 
tions  would  be  like  those  of  figure  1  followed  by  those  of  figure  3  (10- 
ys  pulse  width) .  The  leading  edges  of  both  the  voltage  and  the  current 
pulses  are  clearly  visible;  in  particular,  no  initial  current  spike 
exceeds  the  value  of  I,.  The  bright  spot  in  the  voltage  and  current 
traces  indicates  that  and  I  were  assumed  by  the  device  for  a  short 
time  (estimated  to  be  between  50  and  100  ns).  If  one  now  assumes  that 


Figure  3.  Other  (a)  voltage  and  (b)  current  responses  in 
instantaneous  second  breakdown. 


5 DNA  EMP  (Electromagnetic  Pulse)  Handbook,  Defense  Nuclear  Agency 
2114H-2  (September  1975). 


21 


,„1*  '.  ,■!*.'■  ■|.*JI  ".j  -«-,«■ 1  -.  *  r*rr~:^>>:-w;'7^’Ft****r\'?'V-'-rr~  '  ~ 


V^I^  (fig.  1)  is  the  pre-second-breakdown  power  of  the  specimen  for  a 
delay  time  of  10  ys  (worst  case),  the  thermal  failure  model  predicts  a 
pre-second-breakdown  power  (V^I^)  of  at  least  10V  1^  for  a  delay  time  of 
80  ns;  however,  V.I,  in  responses  like  that  of  figure  3  was  often  found 
to  be  less  than  On  a  few  occasions,  responses  like  those  of 

figure  2  or  3  were  observed  upon  application  of  the  very  first  pulse  to 
a  previously  unpulsed  specimen.  This  suggests  that  at  least  some  of 
these  responses  are  not  due  to  an  undetectable  degradation  of  a  device 
in  previous  pulse  applications  (cumulative  effects).  Devices  were  found 
to  degrade  (fail)  or  not  to  degrade  in  an  event  like  that  of  figure  2  or 
3,  probably  depending  on  the  degree  of  current  limitation  while  in 
seaond  breakdown.  According  to  the  general  rules  of  characterizing  the 
conditions  for  device  failure  (sect.  2.1,  2.2.3),  the  damage  information 
furnished  by  a  device  responding  in  the  manner  of  figure  3  is  a  pre- 
second-breakdown  power  averaged  over  the  delay  time  (of  usually  less 
than  100  ns)  rather  than  a  pre- second-breakdown  power  of  for  a 

delay  time  of  10  ys;  this  accounts  for  many  of  the  low  power  values 
around  a  100-ns  pulse  width  in  the  damage  plots  of  the  appendix. 

This  "instantaneous"  form  of  second  breakdown  was  observed  also 
during  damage  testing  at  shorter  pulse  widths  (1  and  0.1  ys).  Here, 
second  breakdown  was  seen  to  occur,  at  unexpectedly  low  power  levels, 
from  the  leading  edge  of  the  pulse  before  the  voltage  leveled  off  signi¬ 
ficantly.  At  the  higher  sweep  speeds  used  in  this  pulse-width  range, 
the  second-breakdown  events  are  not  perceived  as  instantaneous; 
nevertheless,  for  this  report  (sect.  4.2),  the  term  "instantaneous" 
refers  to  second  breakdown  occurring  during  the  rise  phase  of  the  pulse. 

The  kind  of  device  response  illustrated  by  figures  1  to  3  was 
observed  in  a  damage  characterizaton  ol  the  E-B  junction  of  the  2N3858 
transistor*  and  may  also  be  the  response  of  the  C-B  junction  of  the 
2N3512  ( Bvcbo  =  ^0  V)  that  had  been  termed  voltage-sensitive 
failure.27  A  systematic  investigation  of  this  effect  is  planned. 

The  second  noteworthy  response  observed  on  certain  types  of  devices 
was  the  apparent  absence  of  second  breakdown  before  failure  at  pulse 
widths  of  less  than  about  0.2  ys  (reverse  pulsing).  On  closer  investi¬ 
gation  of  one  of  these  devices  (of  the  2N1490),  with  stepstressing 
beginning  at  a  very  low  pulse  amplitude,  it  turned  out  that  second 
breakdown  did  occur,  but  in  a  form  quite  different  from  that  observed  in 
longer  pulse  width  testing.  In  fact,  second  breakdown  first  occurred  at 
a  very  low  pulse  amplitude  and  associated  power,  very  much  lower  than 

Kalab,  Analysis  of  Failure  of  Electronic  Circuits  froir,  EMP- 
Induced  Signals— Review  and  Contribution,  Harry  Diamond  Laborat"':  res, 
HDL-TR- 16 15  (August  1973). 

27J.  D,  Holder  and  V.  V.  Ruwe,  Statistical  Component  Damage  otudy, 
U.S.  Army  Missile  Command,  RG-TR-7 1-1  (January  1971). 


the  level  at  which  stepstressing  is  usually  begun.  (The  pulse  amplitude 
required  for  second  breakdown  or  failure  at  the  longest  pulse  width,  at 
which  stepstressing  of  a  device  type  is  begun,  serves  as  a  guideline  for 
the  start  of  stepstressing  at  shorter  pulse  widths.  An  experienced 
worker  takes  into  consideration  a  certain  increase  in  pulse  power  for 
failure  as  the  pulse  width  is  reduced  and  begins  stepstressing  at  a 
shorter  pulse  width  at  a  higher  level,  so  that  only  a  few  more  steps  are 
required  to  cause  device  failure.) 

The  second  breakdown  at  this  low  level  is  nondegrading;  however,  it 
does  have  the  familiar  appearance — that  is,  the  voltage  rapidly  drops  to 
a  low  second-breakdown  sustaining  level.  According  to  the  rule  of 
section  2.1,  the  damage  testing  of  a  specimen  is  completed  as  soon  as 
second  breakdown  is  observed.  However,  the  pre -second -breakdown  power 
of  this  device  was  found  to  be  more  than  an  order  of  magnitude  lower 
than  the  power  for  failure  observed  on  other  specimens  of  the  same  type 
(where  no  second  breakdown  had  been  seen).  Therefore,  stepstressing  of 
this  specimen  was  continued  beyond  the  first  occurrence  of  second  break¬ 
down. 


By  this  procedure,  it  could  be  seen  how  the  typical  second-breakdown 
response  of  the  device  gradually  disappears,  as  if  it  were  overridden  by 
the  driving  waveform.  First,  the  delay  times  become  shorter  and  shorter 
until  second  breakdown  eventually  begins  from  the  rising  edge  of  the 
pulse  (as  for  instantaneous  second  breakdown,  discussed  previously).  In 
addition,  the  second-breakdown  sustaining  voltage  increases  considerably 
in  consecutive  pulses.  As  one  approaches  the  amplitude  of  the  applied 
pulse  at  which  stepstressing  is  usually  begun,  the  pre-second-breakdown 
voltage  appears  only  as  a  small  overshoot  on  the  rising  edge  of  the 
pulse.  Without  having  seen  the  development  of  such  a  response,  begin¬ 
ning  from  the  first  occurrence  of  second  breakdown,  one  would  not  recog¬ 
nize  that  the  device  is  in  second  breakdown  during  almost  the  entire 
pulse  duration.  The  only  clue  that  this  is  the  case  might  be  the  device 
impedance,  which  is  conspicuously  lower  (in  spite  of  the  large  second- 
breakdown  sustaining  voltage)  than  it  is  before  second  breakdown  at 
delay  times  of  about  1  us. 

This  form  of  second  breakdown  at  short  pulse  widths  (nondegrading, 
high  second-breakdown  sustaining  voltage)  was  seen  to  occur  in  several 
types  of  junctions.  However,  no  attempt  was  made  to  ascertain  whether 
it  occurred  m  all  devices  of  this  testing  program  which  failed  to 
exhibit  the  familiar  form  of  second  breakdown  before  failure.  Such  a 
nondegrading  and,  presumably,  nonthermal  second  breakdown  at  low  power 
levels  can  result  in  a  large  spread  of  failure  powers  over  a  sample  of 
devices,  depending  on  whether  or  not  the  second  breakdown  is  seen 
(which,  in  turn,  depends  on  how  stepstressing  of  each  specimen  of  a 
sample  is  conducted)  and  whether  or  not  the  rule  of  section  2.1  is 
followed.  From  an  applications  point  of  view,  it  would  seem  important 
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to  establish  whether  or  not  a  device  exhibiting  this  form  of  second 
breakdown  can  withstand  a  large  post-second-breakdown  power  without 
damage  under  all  possible  conditions  of  circuit  impedance  and  forms  of 
excitation  (of  less  than  about  a  0.2-ys  duration).  The  observations 
made  in  this  testing  program  show  only  the  possibility  of  such  an 
effect;  they  are  much  too  limited  to  allow  generalizations  to  be  made. 

The  tables  of  the  appendix  list,  for  each  specimen  tested,  the  pulse 
voltage,  the  pulse  current,  the  pulse  power  and  the  device  impedance  at 
the  damage  level,  and  the  time  to  failure.  The  tables  also  indicate 
whether  or  not  second  breakdown  was  observed  in  a  test  specimen.  Among 
the  devices  which  failed  in  reverse  pulsing  without  exhibiting  second 
breakdown  are  those  that  were  in  second  breakdown  during  most  of  the 
damaging  pulse  but  not  recognized  as  such.  However,  other  devices,  as 
well,  are  in  this  category;  previously,  *  as  well  as  in  the  present 
effort,  it  was  found  that  reverse-pulsed  junctions  can  degrade  (and  also 
fail,  according  to  the  definition  of  sect.  2.2.2;  definitely  without 
ever  having  entered  second  breakdown. 

Still  other  aspects  of  observed  device  responses  are  unexpected  on 
the  basis  of  present  concepts.  The  transistor  types  2N1485,  2N1490, 
2N3013,  and  2N3439  exhibit  a  quite  unusual  relationship  between  the  pre- 
second-breakdown  power  or  power  for  reverse  failure  of  the  C-B  junction 
(Pc)  and  that  of  the  E-B  junction  (Pg).  If  the  power  for  failure  or  for 
second  breakdown  is  proportional  to  junction  area,  the  ratio  of  Pc/Pe 
(at  a  given  pulse  width)  of  a  discrete  transistor  would  be  expected  to 
be  between  1  and  about  5  (the  larger  values  applying  to  planar  devices, 
for  example).  However,  Pc/Pe  for  the  transistors  listed  above  (for 
pulse  widths  between  about  5  and  10  iis)  is  between  0.05  and  0.6.  The 
relationships  of  the  damage  constants  of  the  C-B  and  E-B  junctions  of 
these  transistors,  although  somewhat  different  from  these  values  of 
Pc/Pe,  reflect  this  unexpected  observation.  A  value  of  Pc/Pe  of  0.05 
would  suggest  that  the  area  of  the  C-B  junction  is  only  1/20  that  of  the 
E-B  junction.  In  spite  of  these  relationships  between  Pc  and  Pe,  both 
junctions  of  these  transistors  exhibit  thermal  second  breakdown  (long 
delay  times),  and  the  pre -second -breakdown  power  varies  with  the  delay 
time  according  to  P  =  kt"1^2  to  the  same  degree  of  approximation  as  it 
does  for  devices  to  which  the  thermal  failure  model  is  claimed  to 
apply.  This  is  another  indication  that  the  criterion  (P  =  kt-1^2) 
commonly  applied  to  identify  the  failure  mode  and  to  establish  the 
validity  of  the  thermal  failure  model  is  insufficient. 


*1T.  Kalab,  Analysis  of  Failure  of  Electronic  Circuits  from  EMP- 
Induced  Signals — Review  and  Contribution,  Harry  Diamond  Laboratories, 
HDL-TR-16 15  (August  1973). 
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Recently,  general  relationships  between  device  impedance  and  failure 
current  of  p-n  junctions  were  developed.12  According  to  these  relation¬ 
ships,  the  forward  device  impedance  at  the  failure  level  would  decrease 
with  pulse  width  because  of  conductivity  modulation.  The  present  damage 
data  show  a  practically  constant  forward  impedance  at  the  damage  level 
in  the  10-  to  0.1-ys  range  of  pulse  width  for  most  types  of  junctions, 
with  a  few  exceptions  (1N277,  PC  115,  2N393)  that  have  a  statistically 
(and  perhaps  also  practically)  significant  increase. 


4.  DAMAGE  CHARACTERISTICS 
4.1  Devices 


The  types  of  devices  that  were  damage  tested  in  the  present 
effort,  along  with  electrical  characteristics  and  other  identifying 
information,  are  listed  in  tables  1  and  2.  Most  of  the  devices  were 
obtained  fran  the  Defense  Electronic  Supply  Center.  To  relate  the 
deunage  data  of  individual  specimens  to  the  predictions  of  a  general 
failure  theory  (as  is  attempted  with  the  least-square  fits  to  relation¬ 
ships  of  the  form  P  =  kt"1'2,  etc),  the  specimens  of  a  given  device 
type  should  be  of  the  same  design  and  manufactured  under  identical 
conditions.  There  is  no  guarantee  that  this  is  true  of  the  devices 
tested  in  this  effort,  although  for  most  of  the  types  tested  it  probably 
is.  It  can  be  assumed  that  the  packaging  of  devices  of  a  certain  type 
which  comprise  different  designs  or  manufacturing  processes  is  not 
identical  in  all  aspects.  Therefore,  the  devices  of  any  given  type  were 
closely  inspected,  and  the  number  in  column  2  (Packaging)  of  tables  1 
and  2  indicates  how  many  different  kinds  of  packaging  could  be  distin¬ 
guished.  Distinguishing  characteristics  were  the  material,  color,  and 
shape  of  the  can  or  the  encapsulation,  and  the  complete  alphanumeric 
designation  appearing  on  the  exterior  of  the  devices.  As  can  be  seen 
from  tables  1  and  2,  most  types  of  devices  came  in  only  one  kind  of 
packaging;  thus,  these  devices  were  probably  of  the  same  design. 

The  manufacturer  is  identified  in  the  tables  by  the 
manufacturer's  designation  or  the  D. A.T.A.  manufacturer's  code,  both  of 
which  are  listed  in  the  D. A.T.A.  books  of  Derivation  and  Tabulation 
Associates,  Inc.28'28  Hie  designation  appeared  on  the  packaging  of  most 
dev..ce  types,  but  the  manufacturer  meant  could  not  be  identified  in  all 
cases . _ 

12D.  M.  Tasca  and  S.  J.  Stokes,  III  EMP  Response  and  Damage  Modeling 
of  Diodes,  Junction  Field  Effect  Transistor  Damage  Testing  and 
Semiconductor  Device  Failure  Analysis,  general  Electric  Oo,,  for  Harry 
Diamond  Laboratories,  HDL-CR-? 6-090-1  (April  1976). 

28 Semiconductor  Diode  D. A.T.A.  Book,  37th  Ed.,  D. A.T.A.,  Inc.,  Orange, 
NJ  (Spring  1976). 

^^Transistors ,  42nd  Ed.,  J_,  D. A.T.A.,  Inc.,  Pine  Brook,  NJ  (1977). 
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TABLE  1.  AN/TRC-145  DIODES  SELECTED  FOR  DAMAGE  TESTING 


Diode 

Pack¬ 

aging 

Manu¬ 

fac¬ 

turer* 

Mate¬ 

rial 

Function 

Peak 

inverse 

voltage 

(V) 

Capac¬ 

itance 

<pf> 

1N227  JAN 

1 

err 

Ge 

Diode  (D) 

125 

— 

1N485!B  JAN 

1 

— 

Si 

D 

200 

1.2 

1N538  JAN 

1 

CDXT 

Si 

Recti¬ 
fier  (R) 

240 

10 

1N645  JAN 

1 

CIT 

Si 

R 

270 

4 

1N746A  JAN 

1 

CCAB 

Si 

Ref  diode 
(REF) 

3.3 

460 

1N751A  JAN 

1 

CQAQ 

Si 

REF 

5.1 

300 

1N980B  JAN 

1 

CCZL 

Si 

REF 

62 

31 

1N1202RA  JAN 

1 

CCSR 

Si 

R 

200 

57 

IN  173 1 A  JAN 

1 

CAJOC 

Si 

R 

1800 

14 

1N2580 

1 

SSDI 

Si 

R 

400 

120 

1N2991B  JAN 

1 

CCSR 

si 

REF 

36 

240 

1N302SB  JAN 

1 

CCZL 

Si 

RET 

16 

100 

1N438S  JAN 

1 

CIT 

si 

R 

600 

10 

IR-69-6735 

1 

— 

si 

REF 

6.8 

100 

MO10S4 

1 

Micro¬ 

optica 

Ge 

Varactor 

diode 

— 

— 

MS 1040 

1 

CMC 

Ge 

Microwave 

diode 

— 

— 

PC1 15 

2 

CCNL 

Si 

Varactor 

diode 

100 

6.5 

aCAKK:  General  Instrument  Oorp. 
CCABt  T ransitron  electronic  Corp. 
CCMLt  Tntf  Semiconductors,  Inc. 
CCSRt  NAB,  Inc. 

CCZL:  Dickson  Electronic  Oorp. 
CDAQt  Teledyne  Semiconductor  Corp. 
CDKF:  Semi  con,  Inc. 

CITi  ITT  Semiconductors 

CMC:  Not  identified 

SSDI:  Solid  State  Devices,  Inc. 
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TABLE  2.  AN/TRC-145  TRANSISTORS  SELECTED  FOR  DAKAGE  TESTING 


Transistor 

Pack¬ 

aging 

BBS! 

Mate¬ 

rial 

Function 

BVcbo 

(V) 

Cob 

tpF) 

2N393  JAN 

1 

CSF 

Ge, 

PNP 

Low -power  tran¬ 
sistor  (L) 

10 

4 

2N396A 

1 

SES 

Ge, 

PNP 

L,  switching 
transistor  (S) 

30 

20 

2N428M  JAN 

1 

COO 

Ge, 

PNP 

L,  S 

30 

20 

2N466M  JAN 

1 

CAKK 

Ge, 

PNP 

L 

35 

60 

2N501A  JAN 

1 

CSF 

Ge, 

PNP 

L, 

s 

15 

3 

2N705  JAN 

1 

COG 

Ge, 

PNP 

L,  S 

15 

8 

2N706  JAN 

3 

CCXP,  CDAQ 

Si, 

NPN 

L, 

s 

25 

6 

2N1042  JAN 

1 

CCSX 

Ge, 

PNP 

High-power 
transistor  (H) 

40 

— 

2N1485  JAN 

1 

CQN 

Si, 

NPN 

H 

60 

50 

2N1490  JAN 

1 

CRC 

Si, 

NPN 

H 

100 

100 

2N1613  JAN 

1 

CDAQ 

Si, 

NPN 

L 

75 

25 

2N1711  JAN 

1 

CDAQ 

Si, 

NPN 

L,  S 

75 

25 

2N2857  JAN 

1 

CDAQ 

Si, 

NPN 

L 

30 

1 

2N2894 

1 

CCAB 

Si, 

PNP 

L,  S 

12 

6 

2N3013  JAN 

2 

CCAB,  CIT 

Si, 

PNP 

L,  S 

40 

5 

2N3375  JAN 

2 

CRC,  COG 

Si, 

NPN 

H,  S 

65 

10 

2N3439 

1 

CRC 

Si, 

NPN 

H 

450 

10 

2N3584 

2 

CEO,  CGO 

Si, 

NPN 

H,  S 

375 

120 

2N4092 

1 

CAY 

Si, 

nFFT 

— 

— 

— 

2N5829 

1 

CGG 

Si, 

PNP 

L 

30 

0.8 

CA  3018 

1 

CRC 

si, 

NPN 

Integr*  circuit 
transe  array 

30 

0.6 

SMB526517 

1 

SES 

Si, 

NPN 

Integr.  circuit 
trans.  array 

— 

— 

aCAKK ;  General  Instrument  Corp. 

CAY :  Westinghouse  Electric  Corp. 

CCAB:  Transitron  Electronic  Corp. 
CCSX:  Silicon  Transistor  Corp. 
CCXP:  National  Semiconductor  Corp. 
CDAQi  Teledyne  Semiconductor  Corp. 
CEO:  Not  identified 


CGC:  Motorola  Semiconductor  Products 

CGO:  Texas  Instruments,  Inc. 

CIT:  ITT  Semiconductors 

CQN:  Sensitron  Semiconductors 

CSC:  RCA  Corporation,  RCA  Solid  State  Div. 

CSF:  Sprague  Electric  CO. 

SES:  Semitronics  Corporation 
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Hie  maximum  reverse  voltages  of  the  junctions  (peak  inverse 
voltage  of  table  1,  BVcbo  of  table  2)  are  the  values  listed  in  the 
D.A.T.A.  books. 28/29  The  va]_ues  the  Capacitance  column  of  table  1 
are  the  junction  capacitances  at  7  V  reverse  bias  or  at  one  half  of  the 
Zener  voltage,  whichever  is  lower,  as  measured  with  a  capacitance  bridge 
(mean  value  of  three  devices) .  The  values  in  the  CQb  column  of  table  2 
are  the  common  base  open-circuit  output  capacitances  as  listed  in  the 
D.A.T.A.  book^®  or  manufacturers'  data  sheets.  These  values  of  break¬ 
down  voltage  (peak  inverse  voltage,  BVcbo)  and  capacitances  are  used 
later  to  calculate  theoretical  values  of  the  device  damage  constants. 


4.2  Damage  Characteristics 

This  section  summarizes  certain  aspects  of  the  conditions  for 
failure  of  the  damage-tested  device  types.  Tables  3  and  4  show  the 
rather  frequent  occurrence  of  special  failure  modes,  including  instan¬ 
taneous  second  breakdown,  even  in  low-voltage  bipolar  devices.  Table  5 
lists  the  damage  constants  of  these  device  types  (times  certain  powers 
of  10),  produced  by  least-square  analyses  of  the  failure  powers  of  the 
individual  test  specimens.  The  failure  powers  of  individual  specimens, 
the  associated  pulse  width,  and  the  device  impedances  at  the  failure 
level  are  presented  in  the  tables  and  figures  of  the  appendix. 


In  table  5,  the  constants  k^  and  k3  are  those  of  equations  (1) 
and  (3),  respectively  (sect.  2.2.4).  With  the  values  of  k^  and  k  as 
they  result  from  table  5,  the  failure  power  is  obtained  in  watts  from 
equations  (1)  and  (3)  if  the  pulse  duration  is  measured  in  seconds? 
therefore,  the  unit  of  k^  is  the  watt-second  and  the  unit  of  k,  is  the 
watt-second*'  The  powers  of  10,  as  factors  of  k^  and  k^  in  table  5, 
are  chosen  so  that  the  number  in  the  column  for  k^  is  numerically  equal 
to  the  power  in  kilowatts  for  forward  failure  at  a  pulse  width  of  1  us, 
and  the  number  in  the  column  for  k^  is  numerically  equal  to  the  power  in 
watts  for  reverse  failure  at  a  pulse  width  of  1  us. 


Semiconductor  Diode  D.A.T.A .  Book,  37th  Ed.,  D.A.T.A.,  Inc.,  Orange, 
NJ  (Spring  1976). 

Transistors ,  42nd  Ed.,  1, D.A.T.A.,  Inc,,  Pine  Brook,  NJ  (1977), 
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TABLE  4.  PAILURI  MOORS  AMD  SECOND  BREAKDOWN  IN  TRANSISTORS  OP  AN/TRC-145 


Width  of  Applied  pulse 
( forward) 

Width  of  applied  pulse 
(reverse) 

P 

MB 

1.0 

u* 

<0, 

5  Ml 

10, 

1.0  MS 

<0.5 

M* 

M 

wm 

VI 

m 

m 

N 

nil 

SB 

8B 

SB 

Inst  SB 

mi 

SB 

El 

0HIIES3 

88 

ID 

□ 

El 

D 

II 

□ 

no  81 

no  degr 

degr 

fall 

no  degr J  D/P 

no  SB 

no  degr 

Bifl 

fmHI 

D/P 

x 

- 

X 

- 

X 

- 

X 

- 

- 

X 

- 

X 

- 

- 

- 

- 

- 

X 

* 

X 

• 

X 

“ 

X 

“ 

- 

- 

* 

X 

“ 

- 

- 

- 

- 

X 

- 

X 

- 

- 

- 

- 

X 

- 

- 

X 

- 

X 

X 

- 

X 

- 

X 

~ 

X 

" 

” 

“ 

" 

X 

“ 

* 

X 

■ 

X 

“ 

- 

X 

- 

X 

- 

X 

- 

- 

- 

- 

X 

- 

- 

- 

- 

X 

- 

- 

X 

X 

X 

- 

X 

• 

" 

“ 

“ 

X 

“ 

- 

* 

■ 

X 

■ 

- 

X 

- 

X 

X 

X 

- 

- 

- 

- 

X 

X 

X 

* 

- 

- 

- 

- 

- 

X 

X 

• 

X 

“ 

■ 

” 

* 

X 

“ 

X 

“ 

* 

X 

■ 

X 

X 

X 

X 

X 

X 

X 

X 

- 

X 

X 

X 

X 

- 

X 

- 

- 

- 

- 

_ 

X 

- 

X 

* 

X 

• 

“ 

X 

X 

X 

- 

X 

“ 

- 

- 

- 

- 

X 

. 

X 

X 

X 

. 

X 

- 

- 

-  X 

- 

X 

- 

X 

X 

• 

X 

- 

X 

• 

X 

- 

X 

” 

X 

-  X 

* 

- 

■ 

- 

X 

X 

X 

X 

X 

- 

X 

- 

X 

- 

- 

X 

- 

X 

- 

- 

- 

- 

. 

” 

X 

* 

X 

X 

X 

X 

X 

■ 

X 

X 

“ 

X 

- 

- 

X 

X 

- 

- 

- 

- 

X 

X 

X 

X 

X 

X  X 

- 

X 

- 

- 

X 

- 

X 

- 

- 

- 

X 

X 

X 

- 

X  X 

X 

X 

- 

X 

X 

- 

- 

> 

• 

- 

X 

X 

X 

X 

- 

X 

- 

- 

- 

. 

. 

* 

* 

“ 

X 

X 

X 

* 

X 

• 

X 

- 

* 

- 

- 

X 

X 

- 

- 

X 

- 

- 

X 

-  - 

X 

- 

- 

- 

- 

- 

X 

X 

* 

■ 

X 

X 

■ 

X 

-  X 

- 

* 

• 

* 

* 

X 

X 
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- 
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- 
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X 
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X 
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: 

- 

X 

X 

- 

- 

- 

- 

' 

X 

X 

- 

X 

- 

X 

X 

- 

- 

- 

- 

.. 

X 

X 

X 

_ 

X 

k 

X 

X 

X 

. 

_ 

_ 

X 

- 

X 

* 

X 

” 

X 

*■ 

X 

X 

X 

* 

“ 

* 

• 

* 

- 

X 

X 

X 

X 

X 

X 

- 

- 

X 

- 

- 

- 

- 

- 

X 

• 

X 

- 

X 

- 

X 

“ 

X 

X 

* 

-  X 

• 

X 

* 

- 

X 

- 

X 

- 

X 

X 

- 

- 

- 

- 

X 

- 

X 

- 

- 

- 

- 

- 

* 

X 

- 

X 

X 

• 

* 

- 
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X  X 

X 

“ 

■ 

" 

X 

- 

X 

X 

X 

X 

- 

X 

- 

- 

X 

- 

- 

- 

- 

- 

. 

X 

X 

X 

X 

” 

~ 

* 

” 

X 

- 

X 

“ 

- 

X 

- 

* 

X 

" 

Junc¬ 

tion 


2N393  JAN 

E-B 

C-B 

2N396A 

E-B 

C-B 

2N428M  JAN 

E-B 

C-B 

2N466H  JAN 

E-B 

C-B 

2N501A  JAN 

E-B 

C-B 

2N705  JAN 

E-8 

C-B 

2N706  JAN 

E-B 

C-B 

2N1042  JAN 

E-B 

C-B 

2N1485  JAN 

E-B 

C-B 

2N1490  JAN 

E-B 

C-B 

2N1613  JAN 

E-B 

C-B 

2N1711  JAN 

E-B 

C-B 

2N2857  JAN 

E*B 

C-B 

2N^h94 

E-B 

C-B 

2N3013  JAN 

E-B 

C-B 

2N3375  JAN 

E-B 

C-B 

2N3439 

E-B 

C-B 

2N1504 

S-B 

C-B 

2N4092 

G-S 

D-S 

2NS829 

E-B 

C-B 

CA3018 

E-B 

C-B 

SMB526517 

E-B 

C-B 

aSyabols  as  defined  in  t able  3,  p. 


29. 
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TABLE  5.  DAMAGE  CONSTANTS  OF  AN/TRC-145  DIODES  AND  TRANSISTORS 


4.3 


Comparison  between  Experimental  and  Theoretical  Failure  Powers 


There  is  a  continuing  interest  in  the  community  in  obtaining  a 
relevant  device  damage  characterization  without  resorting  bo  extensive 
damage  testing.  Hie  relationships  between  failure  power  (or  damage 

constant)  and  general  device  characteristics  referred  to  in  the  intro¬ 
duction1*'5  furnish  a  device  failure  power  (although  not  the  device 

impedance)  without  damage  testing.  To  show  how  accurate  the  damage 
constants  based  on  these  relationships  are  in  typical  cases,  the  experi¬ 
mental  damage  constants  obtained  from  the  present  testing  effort  are 
compared  with  the  theoretical  values.  Oily  the  more  accurate  junction 
capacitance  model1*  is  used  here.  To  find  the  damage  constant  of  a 

silicon  diode  for  reverse  pulsing,  the  following  equation  is  suggested:5 


k3 


4.97  x  10"3  CV 


0*57 

BD 


(5) 


where  C  is  the  junction  capacitance  at  5-  to  10-V  reverse  voltage,  and 
VBD  is  the  bias  voltage  at  a  10-yA  reverse  current  (or  the  minimum 
breakdown  voltage  for  the  device  type  as  specified  by  the 
manufacturer).1*  For  transistors,  the  method  requires5  the  use  of 
equation  (5)  for  nonplanar  silicon  transistors  and 

0.99 

k3  *  1.66  x  10  4  CVBD  (6) 


for  mesa  and  planar  silicon  transistors.  C  is  the  common  base  open- 
circuit  output  capacitance  (CQb)  and  BVcbomax  *s  to  be  used  for  VBD  in 
equations  (5)  and  (6).  With  these  magnitudes,  k^  is  the  damage  constant 
of  the  E-B  junction.  No  relationships  of  this  kind  are  recommended  for 
germanium  diodes  or  transistors. 

For  the  AN/TRC-145  silicon  diodes  and  for  the  silicon 
transistors  for  which  specification  values  of  CQb  were  available  (table 
2),  the  theoretical  damage  constants,  k3tb,  were  calculated  and  compared 
with  the  experimental  vclues,  k3exp.  Table  6  shews  the  quotients 
u  /k  ,  For  quite  a  few  devices,  this  quotient  is  acceptably  close 
to*,  but  differences  up  to  more  than  an  order  of  magnitude  do  occur  in 
a  number  of  device  types. 


4D.  C.  Wunsch,  P.  L.  Cline,  and  G.  R.  Case,  Theoretical  Estimates  of 
Failure  Levels  of  ~ elected  Semiconductor  Diodes  and  Transistors , 
Braddock,  Dunn  and  McDrjnald,  Inc.,  for  Air  Force  Special  Weapons  Center, 
BDM/A-42-69-R  (December  1969). 

5DNA  EMP  (Electromagnetic  Pulse)  Handbook,  Defense  Nuclear  Agency 
2114H-2  (September  1975). 
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TABLE  6.  COMPARISON  OF  EXPERIMENTAL  AND  THEORETICAL  (JUNCTION  CAPACITANCE 


MODEL)  DAMAGE  CONSTANTS  OF  SELECTED  AN/TRC-145  DIODES 
AND  TRANSISTORS  (E-B  JUNCTIONS) 


Diode 

k3ex£/k3th 

Transistor 

k3exf/k3th 

1N485B  JAN 

3.8 

2N706  JAN 

0.74 

1N538  JAN 

9.6 

2N1485  JAN 

9.8 

1N645  JAN 

0.67 

2N1490  JAN 

2.5 

1N746A  JAN 

2.1 

2N1613  JAN 

0.93 

1N751A  JAN 

0.62 

2N1711  JAN 

0.90 

1N980B  JAN 

2.7 

2N2357  JAN 

0.52 

1N1202RA  JAN 

0.  16 

2N2894 

1.4 

1N1731  JAN 

0.47 

2N3013  JAN 

0.80 

1N2B80 

3.2 

2N3375  JAN 

4.5 

1N2991B  JAN 

3.1 

2N3439 

0.77 

1N3025B  JAN 

1.8 

2N3584 

0.26 

1N4385  JAN 

0.05 

2N5829 

18 

IR-69-6735 

3.7 

CA  3018 

23 

PC115 

2.5 

Besides  the  use  of  the  junction  capacitance  model  or  similar 
models, 14  obtaining  powers  for  failure  of  a  device  type  can  also  be 
simplified  by  damage  testing  with  only  one  pulse  width.  Ibis  restric¬ 
tion  would  make  it  economically  feasible  to  use  a  larger  sample  size  for 
obtaining  better  statistics  and  would  also  greatly  simplify  the  auto¬ 
mation  of  instrumentation  for  damage  testing.  The  pulse  width  to  be 
used  in  testing  would  best  be  the  longest  one  for  which  device  damage 
information  is  needed,  because  testing  and  data  reduction  are  easier  at 
longer  pulse  widths.  The  power  for  failure  at  other  pulse  widths  would 
be  extrapolated  on  the  basis  of  equation  (3). 


^D.  C.  Wunsch,  R.  L.  Cline,  and  G.  R.  Case,  Theoretical  Estimates  of 
Failure  Levels  of  Selected  Semiconductor  Diodes  and  Transistors , 
Braddock,  Dunn  and  McDonald,  Inc.,  for  Air  Force  Special  Weapons  Center, 
BDM/A-42-69-R  (December  19)9). 
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Table  7  shows  how  the  failure  powers  of  selected  AN/TRC-145 
devices  for  a  0.1-ys  pulse  width,  extrapolated  on  this  basis,  compared 
with  experimental  values.  °o.1th  Power  f°r  reverse  failure  (or 
second  breakdown)  for  a  0.1-ys  pulse  width  extrapolated  on  the  basis  of 
equation  (3)  from  the  experimental  failure  power  at  a  10-ys  pulse  width, 

p10exp  (p0.1th  =  10p10exp,f  P0. lexp  is  the  experimental  failure  power  at 
a  O.f-ys  pulse  width.  To  obtain  P^Qexp  an<*  p0.1exp  are  ”>ean 
values  of  a  sample  of  devices),  extrapolation,  by  use  of  equation  (3), 
of  experimental  data  points  near  the  10-  and  0.1-ys  pulse  widths  is 
required  because  many  pulse  widths  and  delay  times  are  not  exactly  10  or 

O. 1  ys.  Not  all  devices  of  the  present  testing  program  furnished 
experimental  failure  powers  near  the  10-  and  0.1-ys  pulse  widths?  there¬ 
fore,  the  list  of  devices  (or  junctions)  of  table  7  is  not  complete.  If 
equation  (3)  indeed  expresses  the  variation  of  reverse  failure  power  (or 
pre-second-breakdown  power)  of  a  semiconductor  junction  device  with  the 
pulse  width,  po. 1th  should  compare  well  with  po.1exo  ^or  8Uch  a 
device.  However,  many  types  of  junctions,  especially  E-b  junctions,  of 
table  7 

p0. 1exp; 
greater 

P, 


0.1th* 


exhibit  a  difference  of  a  factor  of  10  between  Pg.ith  and 
for  most  of  these  junctions,  this  difference  would  be  even 
if  equation  (4)  were  used  to  extrapolate  from  pioexp  to 
The  values  in  column  Pg,  ijexp  °f  table  7  are  the  smallest 
experimental  failure  powers  observed  at  a  0.1-ys  pulse  width  on  the 
small  samples  used  in  damage  testing,  and  these  values  are  often  smaller 
by  an  order  of  magnitude  than  the  experimental  mean  values  (Po.iexp^* 
Therefore,  a  mean  value  of  failure  power  at  a  0.1-ys  pulse  width,  extra¬ 
polated  on  the  basis  of  the  thermal  model,  equation  (3),  from  an  experi¬ 
mental  mean  value  at  10  ys  would  have  to  be  reduced  by  at  least  two 
orders  of  magnitude  to  obtain  a  "sure  safe"  value  of  failure  power  for  a 
pulse  width  of  0.1  ys.  In  other  words,  device  damage  testing  at  a  10-ys 
pulse  width  and  extrapolation  of  the  experimental  failure  powers  to 
shorter  pulse  widths  on  the  basis  of  the  thermal  failure  model  can  lead 
to  very  inaccurate  results. 
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TABLE  7.  COMPARISON  OF  THEORETICAL  AND  EXPERIMENTAL  REVERSE  FAILURE  POWERS  OF  SELECTED  AN/TRC-145  DIODES 
AND  TRANSISTORS  FOR  0.1-ys  PULSE  WIDTH 
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APPENDIX  A.  DAMAGE  CHARACTERISTICS  OF  DIODES 
AND  TRANSISTORS  TESTED 

This  appendix  contains  the  data  that  characterize  the  selected 
devices  of  the  AN/TRC-145  radio  terminal  set  at  the  failure  level  under 
the  conditions  of  testing  discussed  in  section  2.2  in  the  body  of  this 
report.  The  damage  characteristics  of  each  specimen  or  junction  tested 
are  entered  in  tables  A-1  to  A-39  in  one  line,  under  either  the  Forward 
column  or  the  Reverse  column.  The  columns  show  the  following: 

t  the  width  of  the  applied  pulse 

t  the  time  to  failure  or  second  breakdown,  wherever  this  time 

could  be  identified  as  being  different  from  t  (no  entry  means 
t  =  t0) 

P  the  pulse  power  for  failure  or  second  breakdown  (sect.  2.1) 

V  the  voltage  (averaged  over  t  or  t)  of  the  pulse  producing 

failure  (sect.  2.1)  or  the  average  pre- second-breakdown  voltage 

Z  the  device  impedance  at  the  failure  level  (as  defined  in 
sect.  2.1) 

If  the  moment  (t)  of  failure  is  identifiable  from  the  voltage  or  current 
trace  of  the  applied  pulse,  the  nature  of  the  event  occurring  at  t  is 
indicated  in  the  Condition  column  of  the  tables.  The  most  frequent 
event  of  this  kind  is  second  breakdown,  with  the  variations  discussed 
below.  However,  there  can  be  other  events,  like  the  opening  of  a  metal¬ 
lization?  a  brief  comment  is  made  after  the  tables  in  these  other  cases, 
explaining  the  symbol  used  in  this  column  and  the  nature  of  the  event  to 
which  it  refers.  Several  variations  of  the  symbol  SB  for  second  break¬ 
down  are  used: 

SB  second  breakdown  without  measurable  device  degradation 

SBD  second  breakdown  with  degradation  of  electrical  device 

characteristics 

SBF  second  breakdown  with  changes  in  device  characteristics 

defined  to  be  failure  (sect.  2.2.2) 

ISB  instantaneous  second  breakdown  (sect.  3)  without 

measurable  degradation  of  device  characteristics 

ISBD  instantaneous  second  breakdown  with  device  degradation 

ISBF  instantaneous  second  breakdown  with  device  failure 
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A  dash  in  the  Condition  column  means  that  neither  second  breakdown  nor 
any  other  failure  mode  could  be  identified  from  the  voltage  or  current 
trace;  upon  application  of  a  pulse  of  width  tQ,  the  device  exhibited  the 
reduction  in  breakdown  voltage  or  current  gain  that  had  been  defined  as 
failure.  It  is  possible  that  a  terminal  pair  open-circuited  in  such  a 
pulse.  Several  cases  of  this  kind  were  identified;  others  may  have  gone 
undetected . 

Plots  of  the  failure  power  of  the  individual  test  specimens  of  each 
device  type  tested  at  the  respective  times  to  failure  or  second  break¬ 
down  are  provided  in  figures  A-1  to  A-39.  In  addition,  these  damage 
plots  contain  the  least-square  fits,  as  discussed  in  section  2.2.4,  and 
an  indication  of  the  power  limitation  of  the  pulse  generator,  wnere 
applicable.  If  a  specimen  could  not  be  damaged  or  second  breakdown 
could  not  be  induced  at  the  maximum  output  of  the  pulse  generator,  the 
maximum  power  dissipated  in  the  devices  (upon  averaging,  if  more  than 
one  specimen  could  not  be  damaged  in  a  particular  test  condition)  is 
indicated  in  the  plots  by  a  short  horizontal  bar  ("L")  centered  over  the 
corresponding  pulse  width.  The  kind  of  data  point  (dot  or  circle)  above 
the  bar,  pointed  at  by  an  arrow,  indicates  whether  the  power  limitation 
was  reached  in  forward  or  reverse  pulsing  of  the  junction.  Despite  a 
maximum  power  output  of  20  kW  of  the  pulse  generator  used  in  testing, 
the  maximum  power  dissipated  in  devices  around  a  0.1-ijs  pulse  width  was 
often  quite  low;  this  is  due  to  an  impedance  mismatch  between  load  and 
pulse  generator. 
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Figure  A-2.  Damage  characteristics  of  1N485B  JAN. 


TABU!  A-2.  DAMAGE  CHARACTERISTICS  OF  1N485B  JAN 


Forward 

Revarae 

t0(u.) 

t(u»> 

P(W) 

V(V) 

Z(fl) 

Condi¬ 

tion 

tQ(g.) 

t<  ll»> 

P(W) 

V(V> 

2(0) 

Condi¬ 

tion 

10 

_ 

1000 

16 

0.25 

- 

10 

8.0 

90 

200 

440 

SBF 

10 

- 

1100 

16 

0.24 

- 

10 

6.0 

140 

310 

690 

SBF 

10 

- 

1100 

17 

0.25 

- 

10 

5.0 

110 

200 

360 

SBF 

1m 

- 

1200 

16 

0.20 

- 

1.0 

- 

420 

360 

300 

10 

- 

12"0 

17 

0.23 

- 

1.0 

0,90 

420 

220 

120 

SBF 

10 

- 

1200 

17 

0.24 

- 

1.0 

0.20 

360 

240 

160 

SBF 

1.0 

- 

5500 

41 

0.31 

- 

1.0 

0. 15 

300 

850 

2500 

SBF 

1.0 

- 

5800 

41 

0.2'* 

- 

0.10 

- 

3600 

270 

20 

- 

1.0 

- 

8000 

50 

0.31 

- 

0. 10 

- 

3800 

300 

24 

- 

0.10 

- 

3900 

300 

23 

• 

0.10 

4°00 

360 

25 
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tQ(u.) 

t(u«) 

P(W> 

V(V) 

Z(iJ) 

Condi¬ 

tion 

toll*.) 

t(u.) 

P(W) 

V(V) 

-1 

Z(ft) 

Condi¬ 

tion 

10 

- 

4,600 

30 

0.20 

- 

10 

7.5 

1200 

1300 

1,400 

SBF 

10 

- 

5,300 

20 

0.15 

- 

10 

7.0 

*40 

1100 

2,000 

8BF 

10 

- 

12,000 

50 

0.21 

- 

10 

0. 10 

110 

710 

4,700 

ISBF 

1.0 

0. 12 

900 

1300 

1,800 

8BF 

1.0 

0.10 

45 

740 

12,000 

SBF 

0.40 

0. 12 

650 

1400 

3,200 

SBF 

0.40 

0.12 

1200 

1400 

1,500 

SBF 
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10*«  1<H  10*«  10-* 

TIME  (•) 

Figure  A-5.  Damage  characteristics  of  1N746A  JAN. 


TABLE  A-5.  DAMAGE  CHARACTERISTICS  OF  1N746A  JAN 


Forward 

Reverse 

t0(U.) 

t(lll) 

|  P(W) 

V(V) 

Z(  0) 

Condi¬ 

tion 

t0U..) 

t(  us) 

...  . 

P(W) 

V(V> 

z(  n> 

Cond i  - 

t  Ion 

10 

- 

4500 

32 

0.23 

- 

10 

2,000 

27 

0.36 

- 

10 

- 

5000 

35 

0.25 

- 

10 

- 

2,800 

29 

0.30 

- 

10 

- 

5700 

36 

0.23 

- 

10 

- 

3,200 

30 

0.28 

- 

10 

- 

6400 

46 

0.33 

- 

1.0 

- 

11,000 

60 

0.33 

- 

10 

1.5 

260 

9.5 

0.34 

0 

Note:  In  forward  pulsinq,  one  device  open-circui tc 1  CO*''  at  1.5  us  at  a  l  7w  power  level.  1>iree  of  the  other 

devices  that  were  forward  pulsed  at  10  u«  exhibited  a  sudden  Increase  in  impedance;,  after  several 
microseconds,  the  current  sullenly  dropped  to  about  half  the  previous  value,  while  the  voltaqe  across 
the  device  slightly  increased.  There  was  no  device  degradation  alter  the  first  <x*rurren«e  of  such 
an  event.  This  event  was  also  observed  m  reverse  pulsmq  of  one  device  (  10-gs  pulse  width).' 
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TIME  (s) 

Figure  A-6.  Damage  characteristics  of  1N751A  JAN. 


TABLE  A-6.  DAMAGE  CHARACTERISTICS  OK  1N751A  JAN 


Forward 

Reverse 

tn(u») 

j  t(u«> 

P(W) 

V(V> 

Z(fl) 

Condi¬ 

tion 

t0(R.) 

t(ps) 

P(W> 

V(V) 

i 

ZIQ) 

I 

Condi¬ 

tion 

10 

- 

420 

11 

0.29 

- 

10 

- 

200 

15 

1.1 

- 

10 

- 

720 

12 

0.22 

- 

10 

- 

200 

12 

0.77 

- 

10 

- 

1,  100 

17 

0.25 

- 

10 

- 

210 

12 

0.75 

- 

10 

- 

1,200 

17 

0.24 

- 

10 

- 

270 

14 

0.78 

- 

10 

- 

3,  100 

20 

0. 13 

- 

10 

- 

280 

14 

0.73 

- 

1.0 

- 

2,500 

20 

0.15 

- 

10 

- 

300 

14 

0.65 

- 

1.0 

- 

7,000 

35 

0.  18 

- 

1.0 

- 

1,300 

28 

0.59 

- 

1.0 

- 

8,600 

36 

0.15 

- 

1.0 

- 

2,000 

31 

0.48 

- 

1.0 

- 

11,000 

51 

0.24 

- 

1.0 

- 

2,  300 

31 

0.42 

-• 

1.0 

- 

2,400 

34 

0.48 

- 

1.0 

- 

2,600 

34 

0.44 

- 

0.25 

- 

16,000 

100 

0.63 

- 

0.2C 

- 

13,000 

98 

0.73 

- 

0.20 

- 

15,000 

100 

0.75 

- 

0.20 

- 

15,000 

110 

0.81 

- 

0.20 

- 

15,000 

110 

o.  n 

- 
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TABLE  A-8.  DAMAGE  CHARACTERISTICS  OF  1N1202RA  JAN 


Forw«rd 


Jus) 


t(  us) 


P(W) 


V(V) 


Z<  0) 


Condi¬ 

tion 


t  {  p  8  ) 


P(W) 


V(V) 


PULSE  POWER  (W) 
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TABLE  A-12.  DAMAGE  CHARACTERISTICS  OP  1N3025B  JAN 


Forward 

Reverse 

t0(WB) 

till*) 

P(W) 

V(V) 

z<  0) 

t0(u.) 

P(VI) 

V(V) 

z<n> 

Condi¬ 

tion 

10 

- 

3100 

15 

0.07 

- 

10 

- 

830 

24 

0.69 

- 

10 

- 

4300 

20 

0.09 

- 

10 

- 

1200 

25 

0.51 

- 

10 

- 

4"00 

18 

0.06 

- 

10 

- 

1300 

25 

0.48 

- 

10 

- 

5100 

18 

0.06 

- 

10 

- 

1400 

25 

0.45 

- 

10 

- 

5200 

19 

0.07 

- 

10 

- 

1400 

26 

0.48 

- 
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Figure  A-14.  Damage  characteristics  of  IR-69-6735. 


TABLE  J-14.  DAMAGE  CHARACTERISTICS  OK  IR-69-6735 


Forward 

Revarae 

t0(U8) 

t(lis) 

P(W) 

V(V) 

■MCI) 

Condi¬ 

tion 

t0(UB) 

tips) 

P(W) 

__j 

V(V) 

i 

Z(!)l 

Cond  *  - 

t  :ori 

10 

- 

430 

23 

1.2 

- 

10 

- 

590 

27 

1.2 

- 

10 

- 

550 

14 

0.33 

- 

10 

- 

660 

20 

1.2 

- 

10 

- 

1,000 

1H 

0.31 

- 

10 

- 

750 

29 

1.2 

- 

10 

- 

1,  100 

18 

0.28 

- 

10 

- 

930 

30 

1.0 

- 

10 

- 

1,  100 

20 

0.37 

- 

10 

- 

1800 

42 

0.96 

- 

1.0 

- 

5,900 

42 

0.29 

- 

1.0 

- 

6700 

90 

1.2 

- 

1.0 

- 

7,200 

41 

0.23 

- 

1.0 

- 

6900 

77 

0.86 

- 

1.0 

- 

8,000 

32 

0.13 

- 

1.0 

- 

7100 

75 

0.79 

- 

1.0 

- 

8,600 

42 

0.21 

- 

1.0 

- 

9500 

90 

0 . 96 

- 

1.0 

-  12,000 

50 

0.22 

- 

1.0 

- 

9500 

90 

0.85 

- 
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TABLE  A-16.  DAMAGE  CHARACTERISTICS  OK  MS  1040 


Forward  j 

Reverse 

tills) 

|  PIW) 

V(V) 

z<n> 

1  Cond i - 
t  ion 

tn(M3) 

|  t(U3) 

P(W) 

V(V) 

Z((l) 

Cond l - 
t  ion 

10 

- 

0.40 

1,7 

7.0 

- 

10 

4.0 

0.  13 

2.4 

44 

0 

10 

- 

0.60 

1.8 

5.3 

- 

1.0 

- 

0.20 

4.0 

80 

- 

10 

- 

0.60 

2. 1 

8. 8 

- 

1.0 

- 

0.  35 

4.3 

61 

■- 

1.0 

- 

1.2 

2.9 

6.7 

- 

1.0 

- 

0.46 

4.9 

63 

- 

1.0 

- 

2.1 

3.  3 

6.2 

- 

ft. 2ft 

- 

0.40 

4.0 

4ft 

- 

1.0 

- 

2.H 

3.3 

4.0 

0.20 

- 

0.40 

4.9 

6ft 

- 

0,  111 

- 

6.0 

6.0 

5.2 

0.7ft 

- 

ft.  86 

6.7 

1H 

- 

0. 10 

- 

1ft 

6.H 

3.1 

0.  to 

- 

11 

7.0 

4.7 

- 

Hotoi  In  reverse  pulsinq,  one  device  open-circuited  *t  4  we 
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-  PULSER  LIMITATION 


TIME  <•) 

Figure  A-17.  Damage  characteristics  of  PC  11 5. 


TABLE  A-17.  DAMAGE  CHARACTERISTICS  OP  PC  115 


t(u«) 

P(W) 

V(V) 

■Mn) 

— 

Condi- 

t(u») 

P(W) 

V(V) 

Z(Q) 

Condi- 

tion 

tion 

— 

PULSE  POWER  <W)  PULSE  POWER  (¥0 
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- ; — I  TTTTTiT 

V-  1 

1Q5  j=-  (b) 


TTTTTTTJ  I  )  i  rTTTTJ  I  rTTTTTT]  I  I  Mini 

•  REVERSE  FAILURE  THRESHOLD 
OR  PRE-SECOND-SREAKOOWN 
POWER  "3 
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3 

1 

-t 
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Figure  A-18.  Damage  characteristics  of  2N393  JAN: 

(a)  E-B  junction  and  (b)  C-B  junction 
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TABLE  A-18.  DAMAGE  CHARACTERISTICS  Of  2N393  JAN 


Note i  A  noteworthy  feature  of  the  response  of  both  Junctions  of  this  device  type  to  forward-biasing  pulses  is  the 
large  increase  in  device  impedance  near  the  damage  level  at  a  pulse  width  approaching  100  ns. 


PULSE  POWER  <W)  PULSE  POWER  <W) 
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Figure  A-19.  Damage  characteristics  of  2N396A: 

(a)  E-B  junction  and  (b)  C-B  junction. 
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TABLE  A-20.  DAMAGE  CHARACTERISTICS  OP  2N428M  JAN 

June-  Forward  Reverse 

tion  _ _ _  _ _ _ _  _ _ 


t0(u») 

t(MS) 

P(W> 

V(V) 

Z(il) 

Condi¬ 

tion 

t(ys) 

P(W)  j 

V(V) 

Z<fl) 

Condi¬ 

tion 

10 

- 

320 

21 

1.4 

- 

10 

9.0 

150 

270 

480 

SB 

10 

- 

380 

21 

1.2 

- 

10 

9.0 

230 

270 

320 

SB 

10 

- 

400 

23 

1.3 

- 

10 

9.0 

320 

300 

440 

SB 

1.0 

- 

1,300 

59 

2.7 

- 

1.0 

0.10 

180 

410 

960 

SB 

1.0 

- 

2,400 

51 

1.1 

- 

1.0 

0. 10 

260 

290 

320 

SB 

1.0 

- 

2,600 

60 

1.4 

- 

1.0 

0.10 

360 

750 

1500 

SB 

1.0 

- 

8,400 

75 

0.67 

- 

0.20 

0.00 

410 

370 

330 

SB 

1.0 

- 

13,000 

93 

0.67 

- 

0.15 

0.00 

300 

600 

1200 

SB 

0.15 

0.05 

130 

280 

620 

ISB 

0.15 

0.05 

210 

260 

330 

I  SB 

0.15 

0.04 

160 

240 

380 

ISBP 

10 

1,200 

26 

0.54 

- 

10 

9.0 

140 

300 

670 

SB 

10 

1,300 

26 

0.53 

- 

10 

7.0 

190 

300 

760 

SB 

10 

1,700 

32 

0.59 

- 

10 

5.0 

180 

350 

700 

SB 

1.0 

9,400 

82 

0.72 

- 

10 

5.0 

200 

300 

450 

SB 

1.0 

12,000 

92 

0.71 

- 

1.0 

0.00 

320 

510 

820 

SB 

1.0 

14,000 

100 

0.73 

- 

1.0 

0.15 

270 

620 

1400 

SB 

1.0 

0.07 

160 

320 

660 

ISB 

0.25 

0.00 

270 

400 

590 

SB 

0.15 

0.05 

90 

260 

750 

ISH 

Note i  Cases  of  multiple  breakdown  were  observed  in  reverse  pulslnq  of  the  K-B  junction. 
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Figure  A-21.  Damage  characteristics  of  2N466M  JAN: 

(a)  E-B  junction  and  (b)  C-B  junction 


APPENDIX  A 


Note:  An  event  resembling  second  breakdown  o * Jurrad  in  forward  pulcing  of  the  E-B  junctions:  because  of  a  low  circuit 
impedance,  the  voltage  across  the  device  dropped  only  little,  hut  the  current  increased  significantly. 

Failure  was  assumed  to  have  occurred  at  the  beginning  of  the  current  increase  (6,5  ps,  "EVF"), 
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TAB LI  A-22.  DAMAGE  CHARACTERISTICS  OP  2N501A  JAN 


Junc¬ 

tion 

Forward 

Reverse 

t0<u.) 

t(us) 

POO 

V(V) 

Z(0) 

Condi¬ 

tion 

t(ye) 

P(W) 

V(V) 

Z(R) 

Condi¬ 

tion 

I-B 

10 

- 

26 

14 

6.9 

- 

10 

- 

0.50 

14 

420 

- 

10 

- 

31 

14 

6.3 

- 

10 

- 

2.0 

33 

540 

- 

10 

- 

33 

18 

9.8 

- 

10 

9.7 

5.4 

72 

960 

SBD 

10 

- 

47 

16 

5.1 

- 

10 

7.0 

6.0 

67 

750 

SBF 

10 

4.0 

28 

14 

7.0 

EVF 

10 

5.0 

10 

80 

620 

ST? 

1.0 

- 

80 

25 

7.8 

- 

10 

4.0 

5.1 

60 

710 

SBF 

1.0 

- 

100 

22 

4.8 

- 

1.0 

0.70 

9.0 

60 

400 

SB 

1.0 

0.60 

110 

24 

5.1 

ivr 

1.0 

0.70 

21 

70 

230 

SB 

0.20 

- 

140 

26 

4.8 

- 

1.0 

0.30 

26 

60 

140 

SB 

0.20 

- 

260 

34 

4.5 

- 

1.0 

0.20 

12 

65 

360 

SBF 

0.20 

- 

380 

41 

4.4 

- 

1.0 

0. 10 

22 

72 

240 

SBF 

0.15 

- 

66 

60 

54 

- 

0.15 

- 

120 

70 

39 

- 

0.15 

- 

180 

92 

46 

- 

0.15 

- 

370 

100 

30 

- 

C-B 

10 

39 

14 

5.4 

- 

10 

7.0 

7.8 

60 

460 

SB 

10 

58 

17 

5,1 

- 

10 

6.0 

7.8 

56 

400 

SB 

10 

63 

16 

4.2 

- 

10 

3.5 

7.0 

62 

550 

SB 

10 

80 

18 

4.1 

- 

10 

2.0 

5.9 

62 

650 

SB 

10 

110 

21 

4.2 

- 

10 

1.5 

13 

62 

290 

SBF 

1.0 

180 

34 

6.4 

- 

1.0 

0.80 

9.7 

65 

440 

SB 

1.0 

260 

34 

4.5 

- 

1*0 

0.70 

8.7 

46 

240 

SBD 

1.0 

330 

39 

4.6 

- 

1.0 

0.05 

7.2 

55 

420 

SB 

0.20 

- 

940 

61 

3.9 

- 

0.12 

- 

82 

58 

41 

- 

0.20 

- 

1500 

74 

3.6 

- 

0.  12 

97 

52 

28 

- 

0.20 

- 

1600 

81 

4.2 

- 

0.12 

120 

52 

23 

- 

0.12 

120 

53 

22 

- 

Note:  Two  second-breakdown-1 ike  events  occai  red  In  forward  pulsing  of  the  E-°  junctions:  at  4  pa,  the  voltage 
dropped  from  14  to  10  V  with  no  change  in  current;  at  0.6  us,  the  curr  nt  me  *aed  from  4.8  to  6,4  A 
at  practically  constant  voltage  (low  impedance  pulse  source).  Failur.  was  assume.)  to  have  .»  .  urred  at 
these  times  ("eVF").,  One  case  of  multiple  breakdown  occurred  in  reve*  pulsing  of  the  C-B  junctions. 
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Figure  A-23.  Damage  characteristics  of  2N705  JAN; 

(a)  E-B  junction  and  (b)  C-B  junction 
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TABLE  A-23.  DAMAGE  CHARACTERISTICS  OP  2N705  JAN 


Junc¬ 

tion 

Forward 

Reverse 

t0(p»i 

t(MS) 

P(W) 

V(V) 

Z(ft) 

Condi¬ 

tion 

t0(M.) 

t(g») 

P(W> 

V<V) 

Z(fl) 

Condi¬ 

tion 

E-B 

10 

- 

S.6 

4.1 

3.0 

10 

9.5 

3.8 

48 

610 

SB 

10 

- 

9.5 

4.0 

1.7 

- 

10 

9.0 

4.5 

50 

560 

SB 

10 

- 

9.7 

4.6 

2.2 

- 

10 

0.08 

4.5 

28 

170 

ISBF 

1,0 

- 

89 

9.7 

1.1 

- 

10 

0.08 

5.8 

31 

160 

ISBF 

1.0 

0.40 

56 

11 

2.2 

EVF 

1.0 

0.60 

6.8 

57 

480 

SB 

1.0 

0,30 

47 

12 

2.8 

EVF 

1.0 

0.60 

7.8 

32 

130 

SB 

o.?o 

- 

58 

10 

1.9 

- 

1.0 

0.40 

5.5 

55 

550 

SB 

0.20 

- 

82 

12 

1.9 

- 

0.28 

0.05 

2.4 

30 

380 

ISB 

0.20 

- 

04 

12 

1.7 

- 

0.18 

0.06 

4.0 

40 

400 

SBF 

0.13 

0.06 

9.5 

32 

110 

SB 

0.10 

0.04 

2.3 

16 

110 

ISB 

0.10 

0.03 

5.1 

32 

200 

ISB 

0.08 

0.04 

6.2 

28 

130 

ISB 

0.06 

0.04 

13 

40 

120 

SB 

C-B 

10 

14 

3.0 

0.65 

- 

10 

7.0 

10 

64 

400 

SBF 

10 

17 

4.0 

0.93 

- 

10 

6.0 

4.3 

43 

430 

SB 

10 

3b 

4.1 

0.47 

- 

10 

4.0 

6.0 

45 

340 

SB 

1,0 

130 

8.3 

53 

- 

10 

1.5 

8.8 

55 

340 

SBF 

1.0 

140 

8.5 

0.52 

- 

10 

1.0 

18 

50 

140 

SBF 

1.0 

200 

9.2 

0.42 

- 

1.0 

0.50 

11 

50 

230 

SB 

0.15 

30 

6.5 

1.4 

- 

1.0 

0.08 

6.0 

30 

150 

SB 

0.  15 

180 

13 

0,97 

- 

1.0 

0,05 

6.6 

30 

140 

SB 

C.1S 

290 

18 

1.1 

- 

1.0 

0.03 

10 

37 

130 

ISBF 

0.  15 

400 

20 

1.0 

- 

0.15 

0.02 

1.3 

10 

77 

ISBF 

0.13 

0.02 

4.4 

21 

100 

ISB 

0,10 

0.02 

2.0 

12 

77 

ISBF 

Notes  TVo  second-breakdown-l  1  ke  events  (at  0,4  and  0,3  p«)  occurred  in  forward  pulsing  of  the  E-B  junctions;  the  voltage 
dropped  little  (low  impedance  pulse  source)  hut  the  current  suddenly  in<  reased,  Failure  wn  vtHU'ned  to  have 
occurred  at  these  tines  ("EVP"),  One  rase  of  multiple  breakdown  was  observed  in  reverse  pul  sin]  of  the  E-B  junctions. 
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TABLE  A -24.  DAMAGE  CHARACTERISTICS  OF  2N706  JhU 


Junc¬ 

tion 

Forward 

Reverse 

t0(ua) 

t(ws) 

P(W) 

V(V) 

Z(fl) 

Condi¬ 

tion 

t0(MS) 

t(  us) 

P(W) 

V(V) 

Z(fl> 

1 

Condi¬ 

tion 

E-B 

10 

- 

12 

5.9 

3.0 

- 

10 

8.0 

7.8 

15 

29 

SBF 

10 

- 

14 

6.0 

2.5 

- 

10 

7.0 

8.6 

18 

38 

SBF 

10 

- 

20 

7.1 

2.5 

- 

10 

4.3 

7.8 

15 

29 

SBF 

10 

8.0 

10 

5.1 

2.5 

0 

10 

4.0 

7.3 

15 

31 

SBF 

10 

6.0 

11 

5.7 

2.9 

0 

10 

4.0 

10 

10 

29 

SBF 

1.0 

- 

64 

12 

2.4 

- 

1.0 

- 

17 

21 

26 

- 

1.0 

- 

76 

14 

2.8 

- 

1.0 

- 

19 

22 

25 

- 

1.0 

- 

85 

20 

4.5 

- 

1.0 

0,70 

20 

24 

28 

SBF 

0.  18 

- 

220 

22 

2.2 

- 

0.20 

- 

26 

22 

10 

- 

0. 16 

- 

200 

22 

2.4 

- 

0.20 

- 

35 

25 

10 

- 

0.  IS 

- 

3400 

52 

0.80 

- 

0.20 

46 

31 

21 

- 

C-B 

10 

6.8 

12 

5.7 

2.6 

0 

10 

2.5 

6.7 

25 

93 

SB 

10 

6.8 

14 

6.2 

2.7 

o 

10 

2.0 

9.0 

30 

100 

SB 

10 

6.0 

15 

6.0 

2.4 

0 

10 

1.3 

10 

20 

/8 

SB 

10 

5.0 

14 

6.0 

2.6 

0 

10 

1.3 

10 

20 

75 

SB 

10 

3.0 

15 

6.3 

2.6 

0 

10 

1.2 

1  1 

30 

83 

SB 

1.0 

- 

36 

8.4 

2.0 

- 

1.0 

0.90 

17 

3) 

64 

SB 

1.0 

0.85 

40 

9.4 

2.2 

0 

1.0 

0.65 

24 

34 

48 

SHI) 

1.0 

0.20 

44 

10 

2.5 

0 

1.0 

0,56 

41 

41 

41 

SBF 

0.20 

0.15 

120 

15 

1.9 

0 

0.15 

- 

71 

36 

19 

- 

0.20 

0.12 

190 

19 

1.9 

0 

0.  15 

0.08 

8) 

46 

25 

SB 

0.20 

0.06 

180 

18 

1.8 

0 

0.15 

0.07 

77 

43 

24 

SB 

o 

•J' 

0.07 

80 

44 

24 

SBF 

Note.  In  forward  pulrtinq,,  especially  of  the  C-B  junctions,  sud  !►»»»  m-  reason  in  voltaqe  across  the  devices  (to  atxnit 
twice  the  previous  value,  with  no  chanqe  in  current)  ivrv-red  dinnq  the  pul  sea  j  after  these  events,,  the 
devices  exhibited  open-circuited  terminals  ("O").  Failure  was  isnumed  to  have  occurred  at  the  onset  of  such 
a  voltaqe  increase.  Multiple  breakdown  occurred  in  several  cases  of  reverse  pulsmq  (both  Junctions)., 
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•  REVERSE  FAILURE  1 HRESHOLD 
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o  FORWARD  FAILURE  THRESHOLD 
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Figure  A-26.  Damage  characteristics  of  2N1485  JAN: 

(a)  E-B  junction  and  (b)  C-B  -junction. 
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Mote:  The  second-breakdown  sustaining  voltage  of  the  i-B  junctions  was  remarkably  high  (approximately  70%  of  the 
pre- second' -breakdown  voitaqe)  deaplte  a  hlqh  impedance  pulse  source.  At  a  0. 13-pa  pulse  width*  three  C- B 
junctions  exhibited  nondegrading  SB  with  the  pre- second-breakdown  power  being  lower  by  a  factor  of  5  to  10 
than  the  power  for  failure.'  Multiple  breakdown  occurred  in  reverse  pulsing  of  several  C-B  junctions. 
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Figure  A-27.  Damage  characteristics  of  2N1490  JAN: 

(a)  E-B  junction  and  (b)  C-B  junction. 
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TABLE  A -27.  DAMAGE  CHARACTERISTICS  OP  2N1490  JAN 


Notes  One  case  of  Multiple  breakdown  was  observed  in  reverae  pulsing  of  the  E-B  junctions  (10  pa).  At  a  0.12-pa  pulse 
width,  the  C-B  junctions  exhibited  nondegrading  SB  with  the  pre-second-breakdown  power  a  factor  of  8  to  20  lower 
than  the  power  for  failure. 
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10-«  10-7  10-»  10-® 


TIME  (•) 


10-«  10*7  10*®  10-5 


TIME  (•) 

Figure  A-28.  Damage  characteristics  of  2N1613  JAN: 

(a)  F-B  junction  and  (b)  C-B  junction. 
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TABLE  A-29.  DAMAGE  CHARACTERISTICS  OT  2N1711  JAN 


June-  Forward 

Reverse 

t0(u») 

t(us) 

V(V) 

Z(0) 

Condi¬ 

tion 

t(»>> 

P(») 

V<V) 

Z<fl) 

Condi¬ 

tion 

E-B  10 

- 

420 

15 

0.56 

- 

10 

8.0 

130 

35 

9.7 

SBF 

10 

- 

420 

15 

0.54 

- 

10 

7.0 

130 

36 

10 

SBF 

10 

- 

500 

16 

0.51 

- 

10 

6.0 

150 

38 

9.5 

SBF 

1.0 

- 

3200 

47 

0,70 

- 

1.0 

0.75 

460 

62 

0.4 

SBF 

1.0 

- 

3200 

50 

0.77 

- 

1.0 

0.70 

440 

55 

6.9 

SBF 

1.0 

' 

3400 

52 

0.78 

- 

1.0 

0.70 

470 

57 

6.9 

SBF 

0.15 

- 

250 

43 

7.4 

• 

0.15 

- 

360 

47 

6.1 

- 

0.10 

- 

720 

60 

5.0 

- 

c-n  10 

. 

1,600 

26 

0.41 

- 

10 

9.0 

030 

200 

98 

SBr 

10 

- 

2,200 

31 

0.43 

- 

10 

0.5 

1000 

300 

88 

SB 

10 

- 

2,800 

3G 

0.47 

- 

10 

7,0 

1000 

350 

120 

SB 

1.0 

- 

9,700 

80 

0.66 

- 

1.0 

0.80 

3200 

360 

41 

SB 

1.0 

-  ’ 

10,000 

00 

0.62 

- 

1.0 

0.80 

3400 

360 

38 

SBD 

1.0 

-  1 

11,000 

80 

0.60 

- 

1.0 

0.10 

1900 

260 

38 

SB 

0.12 

- 

2500 

310 

38 

- 

0.12 

0.06 

2400 

340 

48 

sar 

0.12 

0.06 

3600 

400 

44 

SBF 

Notei  Multiple  breakdown  was  oba-rv«*l  in  revere*  pulsing  of  one  C~B  junction  (1-ya  pulse  width)* 
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Figure  A-30,  Damage  characteristics  of  2N2857  JAN: 

(a)  E-B  junction  and  (b)  C-B  junction 
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TABLE  A-30.  DAMAGE  CHARACTERISTICS  OF  2N28S7  JAN 


Junc¬ 

tion 

Forward 

Reverse 

t0(u.) 

t  (lis) 

P(W) 

V(V) 

z(n> 

Condi¬ 

tion 

V*1 

t{  pa) 

P(W) 

V(V) 

Z(fl) 

Condi¬ 

tion 

E-B 

10 

9.0 

7.2 

3.8 

2.0 

0 

10 

• 

0.70 

6.7 

64 

_ 

10 

8.0 

1.6 

2.6 

4.2 

0 

10 

• 

0.82 

6.9 

58 

- 

10 

5.0 

9.7 

4.3 

1.9 

0 

10 

- 

0.07 

6.8 

53 

- 

10 

3.5 

9.7 

4.2 

1.8 

o  1 

1.0 

0.90 

6.9 

8.6 

11 

SBF 

1.0 

0.70 

7.0 

5.0 

3.  > 

0  1 

1.0 

0.20 

9.5 

9.5 

9.5 

SBF 

1.0 

0.70 

24 

6.7 

1,9 

° 

1.0 

0,20 

9.8 

9.8 

9.8 

SBF 

1.0 

0.15 

14 

7.0 

3.6 

o  ! 

0.15 

- 

2.0 

7.8 

30 

- 

0.15 

- 

38 

9,8 

2.5 

0 

0.15 

- 

4.5 

7,0 

11 

- 

0.15 

0.07 

46 

12 

2.9 

0 

0,13 

- 

3.5 

7.2 

15 

- 

0.13 

- 

84 

14 

2.3 

0 

C-B 

10 

8.0 

7.8 

4.1 

2.2 

0 

10 

5.0 

19 

95 

480 

SBF 

10 

4.0 

13 

5.3 

2.2 

0 

10 

0.20 

16 

1H 

22 

1SBF 

10 

4.0 

30 

7,1 

1.7 

0 

1.0 

0.06 

9.5 

47 

230 

ISBF 

1.0 

- 

14 

7.0 

3.5 

0 

1.0 

0.05 

5.0 

37 

270 

I8BF 

1.0 

28 

7.0 

1.8 

0 

1.0 

0.05 

5.7 

42 

310 

ISBF 

1.0 

0.90 

41 

9.0 

2.0 

0 

1.0 

0.05 

6.0 

40 

270 

ISBF 

0.  10 

- 

150 

19 

2.4 

0 

0.10 

0.07 

100 

87 

76 

SB 

0.18 

0.10 

32 

10 

3.1 

0 

0.10 

0.07 

110 

82 

59 

SB 

0.15 

- 

50 

10 

2.0 

0 

0.15 

- 

110 

18 

3.0 

0 

Note:  All  forward-pulsed  E-B  and  C-B  junctiona  open-circuited  ("O").  Multiple  breakdown  occurred  in  reverie  pulsing 
of  the  C-B  junctiona  (all  devices  at  a  1-yis  pulse  width). 
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I  DEVICE:  2N2894 
[-  JUNCTION:  C  B 
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Figure  A-31.  Damage  characteristics  of  2N2894: 

(a)  E-B  junction  and  (b)  C-B  junction. 
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TABLE  A-lt .  DAMAGE  CHARACTERISTICS  0T  2N2894 


June- 

Forward 

Reverse 

t(u«) 

P(W) 

V(V) 

z<m 

Condi¬ 

tion 

t0(u.) 

*  (u«> 

P(W) 

V(V) 

Z(fl) 

Condi- 

t  ion 

E-n 

10 

5.0 

8.4 

4.4 

2.3 

O 

10 

8.3 

15 

10 

6.7 

SBF 

10 

3*0 

8.2 

4.1 

2.1 

O 

10 

8.0 

8.8 

16 

29 

SBK 

10 

1.5 

16 

4.6 

1.4 

0 

10 

6.  3 

8.  1 

14 

23 

SBF 

1.0 

- 

61 

10 

1.8 

O 

1.0 

- 

19 

19 

19 

- 

1.0 

0.60 

28 

7.5 

2.0 

O 

1.0 

- 

20 

20 

20 

- 

1.0 

0.30 

30 

7.5 

1.9 

0 

1.0 

- 

38 

13 

4.4 

- 

0.  20 

- 

74 

16 

3.2 

o 

0.  12 

- 

23 

20 

17 

- 

0. 15 

- 

110 

13 

1.5 

0 

0. 12 

- 

23 

2u 

17 

- 

0,15 

- 

120 

14 

1.6 

o 

0.  12 

“ 

24 

18 

14 

" 

c-n 

10 

5.0 

9.2 

4.2 

1.9 

0 

10 

9.0 

16 

60 

2  30 

SB 

10 

3.5 

9.  7 

4.4 

2.0 

0 

10 

B.O 

7.7 

45 

260 

SB 

10 

3.0 

7.6 

4.2 

2.3 

0 

10 

6.5 

23 

62 

170 

SHF 

1.0 

- 

90 

12 

1.6 

- 

10 

1.0 

2.  1 

60 

1700 

SB 

1.0 

0.R5 

26 

6.8 

1.8 

0 

1.0 

- 

63 

57 

52 

- 

1.0 

0.40 

26 

( .5 

1.6 

0 

1.0 

- 

69 

55 

44 

- 

0,15 

- 

60 

12 

2.2 

0 

1.0 

0.70 

64 

53 

44 

SBF 

0.  15 

0.  10 

220 

20 

1.8 

o 

0.  15 

0.  10 

110 

60 

32 

SBF 

0.12 

- 

65 

10 

1.5 

0 

0.15 

0.  10 

120 

58 

2° 

SB/ 

0.  12 

- 

66 

12 

2.2 

o 

0.  15 

0.  10 

180 

76 

31 

SHF 

0.  12 

0.10 

160 

17 

1.8 

0 

Note  j 


With  one  exception,  all  forwar  I- pulsed  K-0  and  (*-B  junctions  open-r ir<  ui ted  { 
breakdown  occurred  In  reverse  pulsinq  of  the  C-B  junctions. 
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Figure  A-32.  Damage  characteristics  of  2N3013  JAN: 

(a)  E-B  junction  and  ( b)  C-B  junction. 
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Figure  A-33.  Damage  characteristics  of  2N3375  JAN: 

(a)  E-B  junction  and  (b)  C-B  junction 
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TABLE  A-33.  DAMAGE  CHARACTERISTICS  OF  2N3375  JAN 


Junc¬ 

tion 

Forward 

Reverse 

t0(U.) 

t(ps) 

P{W) 

V(V) 

z<n) 

Condi¬ 

tion 

t0U» 

till.) 

P(W) 

V(V) 

2(n> 

Cond l  - 

t  ion 

E-B 

10 

- 

420 

9.5 

0.21 

t 

10 

7.5 

230 

12 

0.58 

EVF 

10 

- 

440 

9.5 

0.20 

- 

10 

5.0 

240 

11 

0.52 

EVF 

10 

5.0 

280 

10 

0.36 

EVF 

10 

5.0 

280 

12 

0.55 

EVF 

1.0 

- 

740 

12 

0.19 

- 

1.0 

- 

340 

16 

0.71 

- 

1.0 

- 

1 

,100 

14 

0.17 

- 

1.0 

- 

440 

14 

0.42 

- 

1.0 

- 

1 

,100 

18 

0.28 

- 

1.0 

- 

440 

14 

0.44 

- 

1.0 

- 

1 

,600 

16 

0.15 

- 

0,12 

- 

660 

25 

0.94 

- 

0.28 

- 

13 

o 

o 

o 

72 

0.39 

- 

0.12 

- 

1500 

35 

0.82 

- 

0.15 

- 

14 

,000 

73 

0,39 

- 

0.10 

- 

1400 

39 

1.1 

- 

0.10 

- 

9 

,300 

82 

0.72 

- 

C-B 

10 

- 

460 

13 

0 1  38 

- 

10 

8.0 

400 

190 

90 

SOD 

10 

- 

600 

10 

0.17 

- 

10 

8.0 

530 

190 

68 

SBF 

10 

- 

660 

11 

0.19 

- 

10 

7.0 

540 

210 

82 

SB 

1.0 

- 

3 

,000 

24 

0.18 

- 

1.0 

0.80 

1800 

260 

38 

SBF 

1.0 

- 

4 

,300 

26 

0.  16 

- 

1.0 

0.50 

1200 

220 

42 

SB 

1.0 

- 

4 

,400 

35 

0.28 

- 

1.0 

0.10 

2100 

260 

33 

SBF 

0.30 

- 

12 

,000 

73 

0.45 

- 

0.10 

0.06 

550 

180 

62 

SBD 

0.30 

- 

14 

,000 

74 

0.40 

- 

0,10 

0.05 

630 

180 

51 

SB 

_ 

0.20 

- 

11 

,000 

68 

0.43 

0.10 

0.04 

BCD 

200 

50 

SBF 

Not* i  In  forward  pulalnq  of  the  t-B  junction*,  a  auddan  irop  In  currant  occurrad  In  ona  ap#cl*en  at  5  pa  ("EVr*>» 
fallura  m«  aaaunad  to  hava  occurrad  at  that  ftaaant.  19»a  avanta  <"EVF“)  in  ravaraa  pilainq  of  tha  r-B 
junct Iona  at  a  10-pa  pulna  width  ara  tha  baqlnninqa  of  oscillations.  Bplkaa  or  currant,  to  about  1.1 
timaa  tha  starting  value  and  about  1  ua  apart,  occurrad  (tha  aaaociatad  fluctuation*  In  voltage  were 
vary  email  bacausa  of  a  low  aourca  l»padanca)i  thay  can  ha  intarpratad  aa  par Iodic  tranaltlona  into  tB. 
Davlca  fallura  was  assumed  to  hava  occurrad  at  tha  onaat  of  thaaa  oaclllationa. 
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Figure  A-34.  Damage  characteristics  of  2N3439: 

(a)  E-B  junction  and  (b)  C-B  junction. 
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TABLE  A-34.  DAMAGE  CHARACTERISTICS  Of  2H3439 


Junc¬ 

tion 

Forward 

Reverse 

t0<u«> 

till.) 

P(W) 

_ I 

V(V) 

2(0) 

Condi¬ 

tion 

tin.) 

WO 

V(V) 

2(G) 

Condi¬ 

tion 

E-B 

to 

- 

2000 

24 

0.28 

- 

to 

9.0 

190 

19 

1.9 

SBF 

to 

- 

2400 

25 

0.27 

- 

to 

9.0 

1% 

19 

1.9 

SB? 

to 

- 

2400 

20 

0.32 

- 

to 

8.5 

200 

19 

1.8 

SBF 

to 

- 

2600 

28 

0.29 

- 

10 

8.3 

190 

19 

1.9 

SBP 

t.o 

- 

4700 

38 

0.30 

- 

to 

5.0 

220 

20 

1.8 

SBF 

t.o 

- 

4800 

42 

0.36 

- 

to 

2.0 

310 

21 

1.4 

SBF 

t.o 

- 

8300 

52 

0.33 

- 

t.o 

- 

460 

24 

1.2 

- 

t.o 

- 

570 

26 

1.2 

- 

t.o 

- 

760 

27 

1.0 

- 

0.40 

- 

050 

30 

1.0 

- 

0.15 

- 

1000 

36 

1.3 

- 

0.15 

- 

2300 

54 

1.3 

- 

0.15 

- 

2400 

56 

1.3 

C-B 

to 

- 

3  tOO 

a* 

0.25 

- 

10 

8.0 

9.5 

640 

42,000 

SB 

to 

- 

3400 

30 

0,27 

- 

to 

3.2 

10 

700 

28,000 

SB 

to 

- 

3900 

30 

0.24 

- 

to 

2.5 

02 

680 

5,600 

SB 

to 

- 

4000 

33 

0.27 

- 

to 

t.o 

25 

720 

21,000 

SB 

to 

- 

4200 

34 

0.27 

- 

1.  1 

0.60 

29 

400 

7,900 

SB 

1.0 

0.40 

31 

600 

12,000 

SB 

t.o 

0.35 

21 

630 

19,000 

SB 

t.o 

0.25 

12 

660 

36,000 

SH 

0.20 

o.to 

00 

670 

5,600 

SBF 

0.20 

o.to 

90 

700 

** ,  400 

SBF 

0.20 

0.08 

200 

770 

3,000 

SBF 

Not*:  Multiple  breakdown  occurred  in  one  C-H  junction  reverse  pulsed  at  a  10-ys  pulse  width. 
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Figure  A-35.  Damage  characteristics  of  2N3584: 

(a)  E-B  junction  and  (b)  C-B  junction. 
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TABLE  A-37.  DAMAGE  CHARACTERISTICS  OF  2H5829 


Forward 

v»> 

t(ys) 

P(W) 

V(V) 

zinj 

Condi¬ 

tion 

10 

0.50 

10 

5 

1.0 

- 

40 

8 

1.0 

- 

44 

« 

1.0 

0,70 

54 

9 

1.0 

0.50 

57 

10 

1.0 

0.15 

63 

11 

0,15 

- 

160 

17 

0.15 

- 

170 

10 

0,15 

- 

280 

21 

t0(u«) 

t(ys) 

P(W) 

V(V) 

2<ll)  j 
1 

Condi¬ 

tion 

10 

9.5 

4.4 

10 

?5 

SBF 

10 

7.0 

5.2 

11 

24 

PDF 

10 

6.5 

5.5 

1 1 

22 

SBF 

1.0 

- 

8,4 

12 

17 

- 

1.0 

- 

10 

14 

18 

- 

1.0 

- 

12 

15 

19 

- 

0.10 

0.06 

13 

14 

14 

7  SBF 

0.10 

0.06 

14 

14 

14 

ISBF 

0,10 

C.05 

19 

10 

17 

ISBF 

to 

7.5 

11 

140 

1900 

SBF 

10 

3.0 

7.2 

90 

1100 

SBF 

10 

0.10 

2.4 

42 

7;o 

ISBF 

1.0 

0.15 

6.5 

02 

1000 

SBD 

1,0 

0.10 

10 

10C 

1000 

SB 

0.10 

0.06 

65 

100 

170 

SBD 

0.10 

0.04 

14 

43 

130 

ISBF 

0.10 

0,03 

10 

37 

140 

ISHO 

Notei  In  forward  pulsing,  most  E-B  terminal*  and  all  C-B  terminal*  open-circuited  ("O''),  Multiple  breakdown  was 
frequently  observed  in  reverse  pulsing  of  the  C-B  junction*. 
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TAB  LI  A-38.  DAMAGE  CHARACTERISTICS  OF  CA  3018 


Junc¬ 

tion 

Forward 

Reverse 

ta(V») 

t(M>) 

POO 

V(V) 

z<fl) 

Condi¬ 

tion 

t0(u.) 

till.) 

POO 

V(V) 

Z(Q) 

Condi¬ 

tion 

I-B 

10 

fl.  0 

11 

10 

9.; 

EVF 

10 

9.0 

3.9 

26 

170 

SBF 

10 

7.0 

13 

12 

10 

IVF 

10 

5.0 

5.3 

33 

200 

SBF 

10 

6.5 

12 

11 

9.4 

EVF 

10 

4.0 

6.  1 

35 

200 

SBF 

10 

4.0 

14 

12 

11 

EVF 

1.0 

0.75 

9.0 

31 

110 

SBF 

1.0 

0.80 

50 

20 

8.0 

EVF 

1.0 

0.70 

12 

41 

140 

SBF 

1,0 

0,70 

48 

19 

7.7 

EVF 

1.0 

0.50 

8.7 

30 

100 

SBF 

1.0 

0.60 

100 

37 

13 

EVF 

0.10 

- 

19 

45 

110 

- 

0.20 

- 

130 

25 

4.8 

- 

0.10 

- 

22 

45 

94 

- 

0.20 

- 

140 

26 

5.1 

- 

0.10 

- 

27 

45 

76 

- 

0.20 

- 

140 

26 

5.0 

- 

C-B 

10 

. 

55 

16 

4.7 

0 

1.0 

0.05 

7.5 

40 

210 

XSB 

10 

7.5 

39 

11 

3.1 

0 

1.0 

0.04 

7,0 

40 

230 

ISBD 

10 

2.0 

88 

20 

4.5 

0 

1.0 

0.04 

7.5 

40 

210 

ISBD 

1.0 

- 

180 

22 

2.7 

0 

0.10 

0.06 

12 

60 

290 

I  SB 

1.0 

- 

190 

28 

4.2 

0 

0.10 

0.04 

12 

50 

220 

ISB 

1.0 

0.75 

220 

23 

2.4 

0 

0,20 

- 

300 

43 

6.2 

- 

0.20 

- 

460 

45 

4.4 

- 

. 

0.20 

- 

730 

44 

2.7 

- 

Note:. 


Events  resembling  SB  (sodden  increase  in  currant  At  practically  constant  voltage) 
of  the  E-B  junction:  failure  waa  assumed  to  hava  occurred  at  tha  beginning  of  tha 
In  forward  pulsing  of  tha  C-B  junction  at  10  and  1  us,  tha  davicaa  opan-circuitad 
up  to  two  breakdown  stapa  aftar  SB,  occurrad  fraquantly  in  revaisa  pulsing  of  tha 
10-u«  pul sa  width  (C-B)  waa  in  all  caaaa  inatantanaoua  without  Mking  it  posaibla 
breakdown  power. 


occurrad  in  forward  pulsing 
currant  tncraasa  ("IVT"). 
("0“).  Multiple  bteakdown, 
C-B  junctions*  SB  at  a 
to  determine  a  pre-second- 
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TAILS  A-39.  DAMAGX  CHARACTBKJ8TICS  OP  90526517 


Jtjnc-! 
tion  1 

Forward 

Reverse 

t„<ut> 

t'.us) 

POO 

V(V) 

2(0! 

Condi¬ 

tion 

t(pe)  I 

1 

POO 

V(V) 

Z(Q) 

Condi¬ 

tion 

i 

.  10 

• 

71 

5.5 

0.43 

. 

10 

9.0 

20 

38 

72 

9BF 

10 

0.0 

94 

12 

1.7 

svr 

10 

9.0 

21 

38 

69 

IBP 

10 

7.0 

86 

12 

1.5 

tvr 

10 

7.0 

21 

37 

65 

8BP 

10 

7.0 

90 

*  12 

1.6 

EVP 

1.0 

- 

39 

33 

28 

- 

1.0 

- 

370 

22 

1.3 

- 

1.0 

0.90 

44 

34 

26 

8»P 

1*0 

- 

420 

23 

1.3 

- 

1.0 

0.90 

62 

55 

49 

SBP 

1.0 

- 

440 

22 

1.2 

- 

0,10 

0.04 

50 

38 

29 

XSBP 

0.15 

- 

1i00 

50 

2.0 

- 

0.10 

0.04 

62 

63 

64 

XSBP 

0.15 

- 

1400 

52 

2.0 

- 

0.10 

0.03 

71 

55 

43 

XSBP 

0.15 

- 

1600 

52 

1.7 

“ 

C-B 

10 

, 

560 

24 

1.1 

. 

10 

9.0 

20 

67 

220 

8B 

10 

- 

730 

28 

1.0 

- 

i  10 

5.0 

53 

240 

1100 

8BP 

10 

9.0 

790 

28 

1.0 

0 

10 

2.0 

35 

220 

1400 

«BP 

1.0 

- 

3300 

55 

0.9 

- 

1.0 

0,70 

110 

240 

540 

SB 

1.0 

- 

4100 

62 

0.9 

- 

1.0 

0,70 

110 

270 

640 

SB 

1.0 

- 

4200 

62 

0.9 

- 

1.0 

0,50 

120 

260 

580 

SBP 

0.20 

0.10 

36 

240 

16(0 

n» 

0.20 

0,10 

53 

240 

1100 

SB 

0.20 

0,06 

6.7 

180 

4600 

SB 

0.20 

0.03 

4.) 

120 

3000 

ISB 

0.15 

0.04 

2.5 

110 

4700 

18B 

0.15 

0.04 

4.5 

110 

2800 

ISB 

0.10 

0.04 

13 

130 

1300 

ESB 

Hotel 


Events  reseebling  SB  were  observed  in  forward  pulsing  of  the  E-B  junctions  at  a  10~U*  puls*  width;  failur*  w*6 
assmsed  to  have  occurred  at  the  beginning  of  the  current  increase  (•EVP*).  One  CHI  junction  open-circuited  ir 
forward  pulsing  ("0").  Two  cases  of  Multiple  breakdown,  up  to  two  breakdown  steps  after  SB,  occurred  in 
reverse  pulsing  of  the  C-B  junctions  at  a  10-ps  puls*  width* 
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